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INTRODUCTION

A computer simulation was developed for missile and rocket safing and arming
(S&A) mechaniswms which 1incorporate an acceleration-driven rotor, a three-pass
involute gear train, and a pin pallet runaway escapement (fig. 1), A modifica-
tion was also developed which simulates a system with a pair of meshed accelera-
tion-driven rotors in addition to the three-pass geav train.

Several portions of the computer program for this simulation are taken di-
rectly from the program SANDA3 of reference 1.1

The basis of the computer simulation 1is the development of mathematical
equations to describe the three regimes of motion of the runaway escapement:
coupled motion, free motion, and impact of the escape wheel and pallet. As in
reference 1, the effect of a pallet with an arbitrarily located center of mass is
conslidered, and all non-impact contact forces are determined for considerations
of stength.

Wdith this simulation, predictions of the S&A arming time can be made. The
arming time can be computed efther for a variable axial and normal acceleration
fleld, as would be experienced 1in missile or rocket flight, or for a constant
axlal acceleration field, as occurs in centrifuge testing. The simulation can be
used to determine the effect of design chanyes made to the escapement, geat
trafn, and Aacceleration driven rotor. Converselv, design changes can he suj-
gested to produce a desired alteration of the S&A arming time,

In this report, the PATRIOT M143 S&A is modeled as a sample mechanisme  The
results are in agreement with laboratory test data. Details of the input parame-
tors needed in order to use the computer program are completely described {n the
Ml43 S&A sample.

DESCRIPTION OF COMPUTER PROGRAM MISLSA

The computer program MISLSA uses logic that {is virtually identical to cthat
used in the computer program SANDA3 of reference 1. A complete description of
MISLSA 1s offered here for clarity. With little deviation, the description of
SANDA3 offered in reference 1 applies to MISLSA as well, and should be referred
to if an alternate description might improve the reader’'s understanding at any
point in this report.

1 This work draws to a considerable extent on work completed and published by Dr,

F. R. Teppet and Dr. G. G. Luwcia 1a references 1 through 4.
1 &5
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Three Regiwes of Motion

The computer wmodel 18 based upon tollowing the escape wheel continuously
through the three reyimes ot motion it experiences, Al tirst, the escape wheel
and entrance pallet pin are {n contdct; thus, upon experieancing acceleration, the
rotor drives the entire system in coupled motion, A ditrerential equation is
develuped tu describe this coupled motion. The patlet pin rides along the cscape
wheel tooth until the tip 1s reached ot the contact fource hecones zero, at which
point the escape wheel system (escape wheel, gear train, and driving rotor) moves
separately trom the pallet. Huere separate ditfercncial equations are nceded to
describe the free motion of both the pallet and escape wheel system indepeadent-
ly. A new escape wheel tooth and the exit pallet pin gapproach cach other through
this free wmotion until tmpact ovccurs. According tu the severity ot the utmpact
and the coefficlent of restitution, either coupled ur tree motion will tollow
this impact., Eventually, the escape wheel touth will reach the point where tur-
ther contact with the exit pallet plu is not possible, and a new escape wheel
tooth will approach the entraunce pallet piun. This cycle repeats itselt several
hundred times within a matter ot 3 to 4 seconds in the case ot the PATRIUL Ml43

S&A.

As can be seen in the tlow chart in tigure 2 (reproduced with minor, but
necessary, modification from reterence 1, figure 5), Lhe computer program must
have the capability to test many situations and make several decisioas in orvder
to follow the escape wheel motion accurately.

Coupled Motion

Appendix A is devoted to developiny the cquations ot wotion, both itree and
coupled, tor the escape wheel system and pallet, as well as contact torce expres-
sions between each gearing interfare and at the escape wheel-pallet {ntertace,
when applicable, Equation A-146 is the ditferential equation ot coupled motion
for the entire system.

Agg 7 Asg

L]
where ¢ represents the angular position ot the escape wheel (thus $§ 5 the angu-

*2
& = AbUAA + AMAN (1)

lar veloclty and ¢ 1is the angular acceleration), Ay and A are tle axial and
normal or lateral accelerations, respectively. ASH through A, are variables
developed through a series of force and woment balances throughout the system, s
described in appendix A. The soluttion of this ditterential equation is accom-
plished with a fourth order Runge-Kutta routine.? The associated computer pro-
gram for its solution is ygiven in Appendix B. Appropriate sctup pdaramelers are

2 RKGS Routine, 1BM System/360 Scientific Subroutine Packaye (360A-CM~UN3),
Version II1.
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necessary {u the main program to utilize this subroutine along with two addi-
tional subroutines FCT and OUTP. The subroatine FCU preseats the sccond orderv
ditterential egquation as two tirst coder cquations Lo Raus,

DPHIC1) = PHL(LD) L 2)

DUHI (2) = (=AASY * PHIC2) ** 2 + AdBD * AA + AADL * An)/AAHd (1)

where
3§ = PHL(D) "
3= PHI(2) = DPHI(1) )
s = DPHIC2) (o)

The basic responsibilities of subroutine OUTP 4dre tu write the oulput ol ecacl
increment of the solution ot the ditterential equation, to calculdate and write
the contact torces, and to determine whether coupled motion is to be continued,

Aside from the maiu pruogram and the subrouiines mentioned, several olher
subroutines are called in the solution ot the coupled motion diltereatial cequa-
tion {(as well as the free motion ditterential eguations),

Subroutine KINEM

This subroutine computes the values of the moment avms A 7, 8 7, -

¥
and D, 7 as well as values ot g, g, Y, and @. Detdails of the developuent ot tﬁis
subrudtine are piven in reference 2; a briet description or the parameters y and
U are offered here. The pdarameter g represents the distance between the contact
point of the pallet pin with the escape wheel, and the end ol the cescape wheel
tooth (fig. 3). The parameter g is the rate of change ot this distance, or the
relative linear velocity at which the pallet pin is approacning the ead ot the

escape wheel tooth. By monitoring this parameter, along with the caleutated R
contact force between the components, P, the program is avle to determine when S
coupled motion has ended. It the contact turce is positive and the puaraweter L
is negative (due to the direction ot the unit vector in the coordinate systenm, =
appendix A, reterence 2), then coupled wotion continues, AL the point where ‘Lf*

becomes zero or the contact force becuimes zZeru, the computer progrdin retutus
control tu the main program and eventually to the subroutines devoted to the
analysis of free motion.
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.
w and Yy are the angular position and angular velocity ot the pallet
respectively.
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Subroutines IN3 and IN3A PN
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33

The wmain purpose ol these subroutines s to determine values tor the E&
variables Al through A57, unceded in order to solve the ditferentivl cquations, tﬁ
These variables are develuped and described completely {u appendix A.  (Two sub- O
routines are needed due to a4 limit on the number of arguments permitted in a :ﬁ

single subroutine.) The variables dve represented as AAL through AAS7 1o the
computer program to differentiate these varlables from the fixed parameters N
through a, which dre rtepresented as Al through A3 in the cowmputer program. n
addition to solving tor the variables AAl through AAS4, subroutine IN3 ticst
determines the appropriate signum functions Sl through 8y needed to determine AAl
through AAS57. These signum functions are needed tu assure that triction opposes
the motion 1n all cases. Signum functions S | s5,, and S, ave developed in oa
manner similar to that for the signum tfunction § described in reterence 3, appen-
dix A. To determine signum function Sl through Sy, gedr traln angle data wust be
updated to ascertain whether approach or recess contact is present at cach pear
mesh. Signum functions S4 and Sc: are desceibed in retervnce 1, equat iuns A~5Y
and A-6u. Finally, signum functious 3S¢ and 5, are discussed in appendix A, pro-
ceding equation A-29.
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Subroutine GCURVE

This subroutine is called in order to obtain the curvent values tor both
the axlal and normal accelerations. GCURVE accepts up to JOU points, detining an
acceleration-time curve for both the axial and normal accelerations., The subrou

tine performs 4 linear interpolation to determine the acceleration values at cact
pA

1,
e %

-

time increment; then counverts the acceleration values trom y's to in./sec® tort K.
use in the ditferential equation solution, b
o

-

ree Motion

.

Several subroutines used in solving the free motion difterential equations
are the same as those nceded to solve the coupled motion dillerential cqudation;

AR . RAANIDUPS - |

oy

namely, KINEM, 1IN3, IN3A, and GCURVE. Two very similar subroutines to FCTU and

QUTP--FCTF and QUTPF--are used to present the two treoe motion ditterential equa-

tions to RKGS and produce the continuous output. Two ditterential equations are
_ needed, one for the pallet iu free motion, and one tor the escape wheel, pear .
. train, and drive rotor system, These equatious dre developed in appendix A and v
- are shown here: Vo
a2 o
.':: A b+ A, Vo= ALA + A A (7) £
- 62 VT AV 63%a T Yhay o
N ~
2 A b+ AL 6= ALA +A A (3) o
~ = +
i 65 7 66 67"A 68" F;-
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where equation 7 is the expression for the free motion of the pallet and equation
8 1s the expression for free motion of the escape wheel system, To solve both
aquations at the sane time, the two second-order differential equations are pre-
sented in a single subroutine, FCTF, as four first-order equations. While the
equations are really two pairs of coupled first-order equations, the routine
treats the four equations as coupled, thus giving solutions for ¢§, ¢, and their
derivatives, for identical time iucrements, The equations are presented 1in sub-
routine FCTF as follows:

DX(1) = X(2) (=¢) (9)

DX 3)

X(4) (=9 (10)

i

(o=) DX(2) (AAB7 * AA + AA6B * An - AAGH * X(2Z) ** 2)/AA65 (11)

(=) DX(4)

(AAD3 * AA + AAGL * AN - AALl4 * X(4) ** 2)/AA62 (12)

Ayain, the basic responsibility of subroutine VUTPF 1s to compute the corn-
tact rorces, write the output for each time increment, and deterwine whether free
motion will continue at the next time increment,

Impact

Transtormation troum free motion to coupled motion usually involves an impact
between the escdape wheel and pallet pin.,  When the program has decided that an
impact is tu oceur, subroutine IMPACT 1s called to determine from the current

angular veloclities % and $ what the post impact angular velocities ir and 5_
will be by applying equations F-20 and F-2] of reterence 2. (The moment of iner-
tta {s expressed according co equation A-169, appendix A, which reters the rotor
and gear train inertia to the escape wheel shatt, As shown in reterence 2, ap-
pcn;ix F, tangential 1impact has been neglected and, theretore, EZ “ Dy and F, =
Al'

In certdain cases the impact torque on the escape whueel can be great enough
to reverse the motion of the euilire gear train; i.e., the cscdape wheel velocity $
becomes nepatives  This will result in a change 1o directiou of the trictional
forces which must be accounted tor. This change in the friction forces must be
expressed for bulth tree and coupled motion, It 1s accomplished by allowing the
cocti{ctent ot friction 1n all the gear train components to become negative (ret
1, app E). Subroutine IN3 is responsible for this sign chanye by using the tol-

lowing signum function $/|;|:
MU = ABSCMUY * 5, | b (13)

The coettfcelent triction ot uy  is used tor the escapenent intertace and paliet

pivot arca, The signum tunctions 5, and Sy handle the motion reversals tor these
LWo surraces.
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Transfer Between Mot{ion Regimes

The main program and subhroutines OUTP and OUTPF are responsible for the
decision process to determine which mcotion regime 1s appropriate. What follows
is a description of how each decision {8 accomplished by the simulation,

Coupled Motion to Pree Motion

With each increment of the numerical solutton to the differential equa-
tion of coupled motion, subroutine OUTP checks to determine if coupled motion
continues. Two parameters must he checked to make this determinatfon, g and
P,. The parameter g 1s negative when the locattion of the pallet pin 1s along the
escape wheel tooth, and {s a measure of the distance along the plane of the tooth
to 1its end. [Again, parameter g has a negatfivce value due to the direction of the
unit vector {n rthe coordinate system (ref 2, app A.)] P, is the contact force
between the pallet pin and escape wheel tooth, The statement,

IF (cNOTo(GoLT.OoQANDOPNQGT.Ol)) PRMT(S) = 2- (114)

18 used to make this test. PRMT(5) = 2. (or any non-zero PRMT(S5) value) is a
signal to the subroutine RKGS that coupled motion has ended and to return control
to the main program., At the point control 1s returned to the maln program, the
value of g is immedtately checked, A negative value of g indicates that further
c¢ontact between the pallet pin and the earcape wheel tooth which had just left
coupled motion, could still occur, This depends on the relative angular veloci-~
ties of the pallet and escape wheel during free motion. The program then ini-
tializes parameters for the free motion subroutines and turns control over to
RKGS to solve the free motion differential equations. If the value of g s
greater than zero, however, no further contact {s possible with that escape wheel
tooth before a new escape wheel tooth experiences Impact., Therefore, angle {n-
dexing (which varies according to whether entrance or exit action 1s expectad,
aad 13 yet to be discussed) must take place before contilnuing to the free motion
regime.

Free Motion to Impact, Coupled Motion, or Free Motion

Two parameters are continuously monitored in OUTPF in order to determine
if the escape wheel system and pallet remain in free motion. These parameters
are f and a” (fig. 4). (Reference 2, appendix € gives the details of how thesc
parameters are evaluated,) The parameter f is a measure of the distance between
the pallet pin .and escape wheel tooth taken normal to the plane of the escape
wheel tooth., The parameter g~ is similar to the parameter g of coupled motion in
that 1t measures the distance from the pallet pin center to the escape wheel
tooth tip along the plane of the tooth. First the parameter f 1s monitored. If
f is not positive, control is returned to the main program, With f less than or
equal to zero, 1f g” {3 greater than or equal to zero, no countact with the escape
wheel tooth being monitored is possible. Thercfore, after the appropriate angle
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indexing (according to whether in entrance or exit action), centrol {8’ returned
to solving the free motion differential equations. 1If g” 1s less than zevo, how-
ever, sixteen possibilities must be considered to determine whether coupled mo-
tion. free motion, or impact will result. These sixteen possibilities are due to
the different combinations of relative velocitles of the escape wheel and palleg;
Ahsolute velocities of the contact points; and the type of action, entrance or
exit. The sixteen possibilities are shown here, with the motion that will result
from each combination.

Entrance action

>0 and v >0 and vl > vl free motion
920 and ¥ >0 and |Vp| = |Vs| coupled motfion
$>0and ¢ >0 and Vol < vyl impact

pb <0 and ¥ >0 free motion

$ >0 and ¥ €0 impact

$ <0 and ¥ <0 and |Vp| > |VS| free motion

$ <0 and ¥ €0 and |Vp| = IVSI coupled motion
¢ €0 and Y ¢ 0 and lvpl < IVSI impact

Exit ac‘t_i_qp_

3) > 0 and \L <0 and leI > IVSI free motion
550 and ¥ <0 and |Vp| = |V8| coupled motion
>0 and % <0 and |Vp| < |Vs| impact

$ < 0 and 111 >0 and |Vp| > |V8| impact

<0 and ¥ >0 and leI = lvsl coupled motton
$<0and ¥ >0 and vl < vl free motinn
>0 and v >0 impact

$ <0 and \3} <0 free motion

Returning to OUTPF, the possibility of g~ belng greater than zero when f
{s greater than zero must also be considered. 1If g° becomes greater than zero,
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control 1is returned to the main program. In the main progyram, angle indexing is
accomplished atter determining whether entrance or exit action is present, and
then control is returncd to the numerical routine to solve the free motion dir~
ferential equations.

Impact to Free or Coupled Motion

The subroutine IMPACT uses the input angular velocities of the escape
wheel and pallet to determine the angular velocities after impact. (The equa-~
tions are developed in reterence 2, appendix F,) Atter the impact occurs, the
subroutine returns control to the main program. The main program first tests tor
entrance or exit action; then computes the velocitles of the contact points V
and V, from the new values 5 and @ « If the absolute value of the difference o
the two post-impact velocities is less than 1 inch per second; i.e.,

lv. - v

p SI < 1.0 (15)

then co. . ' is transferred to solving the coupled motion difterential equation,
If this is not the case, six possibilities exist for both entrance and exit ac-

tion which lead to either free or coupled motion. They are as tollows:

Entrance action

& »0 and ¢ » 0 and |Vp| > IVS| free motion
5 %0 and ¥ » 9 and |VP1 < ]VSl coupled wotion
$ >0 and ¥ < G coupled motion
$ < (0 and @ >0 free wotion
$ s 0 and & € 0 and |Vp| > |VS! coupled motion
¢ % U and ¥ <0 and lvpi < |VS| free motion
Exit action
$ >0 and ¥ & U and ]Vp| > 'Vsl trev wotion
2 20 and @ < 0 and val < IVS[ coupled motion
5 3 i) and & > 0 coupled motion
$ ) oang 5 <0 trec motion
5 <y and 3 > ) and [Vpl > |Vsl coupled motfon
$ <0 and @ > U and ivp| < IV5| tree wotion
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Additfonal Prograa Features
Angle Indexing

In the description of the operation of the computer program, angle in-
dexlny was mentioned several times. Angle indexing is necessitated by the chany-
ing of the relative positions of the escape wheel and pallet pin, It (avolves
golag from entrance to exlt motion or vice versa. As an example, when control s
released to the main program from the routines to solve the coupled motion dit-
ferential equation, and g > 0, the current escape wheel angle s measured against
a test angle TANG. 1If the escape wheel angle is less than this test angle, it s
known that the entrance action coupled motion has been completed, .ind the escape
wheel angle ¢ is indexed forward NT teeth, and the pallet angle Y is {ncremented
by 27 - X in preparation for analysis during exit action (A is the angle between
the pallet pins). Conversely, if the escape wheel angle is greater than the test
angle, Lt {s known that exit actifon coupled motion has terminated and entrance
action {is expected. To return to entrance action, the escape wheel angle |Is
{ndexcd bhack (NT + 1) teeth, and the pallet angle is decremented by -2m + A,

In addition to indexing the angle of the escape wheel to accommodate
changes from entrance to exit action, the same must be done for the pallet center
of mass angle ¢c. During entrance action, this aagle Is expressed as

wc or PSICC
while during exit action, the angle is expressed as
wc + X or PSICC + LAMBDA * 772

The multiplication by ZZ is a conversion from degrees to radians.
Cumulative Escape Wheel Angle

To solve the differential equations as well as to determine when arming
has occurred, the Instantaneous rotor angle must be known. This angle is ex-
pres<cl in appendlx A as ¢+ N ¢ where ¢ is the Iiniti{al rotor angle, ¢_ is
the cumulative angle of rok%tion of the escapg wheel, and N, 1is the gear ratio
between the rotor and escape wheel., Since angle indexing 1is occurring with the
angle ¢, the Runge-Kutta variable PHI(l), 4 can only bte obtalned by coatimuims
addition of the increments cdue to each Rungejkutta cycle. Therefore,

O = ¢TOT + 4 (16)

where

¢,

= total escape wheel angle up to a given Runge-Kutta cycle

ToT (PHITOT in computer program)
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A% = incremeunt ot escape wheel during a given Runge-Kutta cycle

The increment Aé is calculated as the difference between the latest value of ¢
[PHI(1)] and the previous value of ¢ (PHIPR). With this, equation 16 becomes

¢T = PHITOT + PHI(1l) - PHIPR (17)
The program reads in the escape wheel angular displacement at which the
mechanism arms (which for instance might be a 90 deyree rotor displacement multi-
plied by the gear ratio between the rotor and escape wheel). After every incre-
ment, PHITOT is compared with this "cut-off” angle PHICUTD, and the simulation is
terminated when PHITOT reaches PHICUTD. Additional information on the computa-
tion of 5 _ can be obtained from the section on Fuze Body Contiguration in refer-
ence 1.

Subroutine ALFA

This subroutine is needed in the solution or the differential equations
of both coupled and tree motion. Values for the initial (earliest possible) and
final (latest possible) contact angles of the gear meshes are determined in this
subroutine, which is called by the main program ror each mesh, (Details or the
development of this subroutine are available in reterence 3, appendix A.) These
fnitial and final gear mesh angles are needed in order to compute the instaunta-
neous year mesh angles in subroutine IN3. These, in turn, are needed in the
solution of the differential equations.

Maximum Contact Forces

The subroutines QUTP and OQUTPF use expressions developed in appendix A
of this report to calculate the contact forces at each gear mesh. In addition,
when the pallet pin and escape wheel are 1in coupled motion, a contact force ex-
{sts between them and is calculated in OUTP. It is calculated with two exXpres-
sions, one in terms of the cscape wheel variable $ and one in terms of the pallet
variable Y. This serves as a check on the accuracy of the equations developed,
since 1t 1s known that the contact force should be the same for both calcula-
tions.

Both subroutines keep track of the maximum contact force at each inter-
face experienced through the arming cycle, and return this information to the
main program.

Prograa Input/Qutput

The input parameters uneeded tor the computer progran are discussed in detatl
in the sample run for the PATRIOT M143 SoA.
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The output of the program begins with a summary of all of the fnput parame-
ters given. Following this, the program begins by solving the differential equa-
tion of coupled motion. For each time increment of the numerical solutfon to the
differential equation, the following parameters are printed.

T a t = time (sec)

PHID a ¢ 2 instantaneous escape wheel angle (deg)

PHIDOT = $ = angular velocity of escape wheel (rad/sec)

G = g = distance from pallet pin to end of escape wheel

N CEERTA Y .S S SRR s o) LS A_ammmmes x s

tooth along the plane of the tooth (negative for
coupled motion to exist) (in.)

time rate of change of the parameter g, or rvelative
velocity of pallet pin along the escape wheel tooth

(in./sec)

GDOT

-
[
2.
[

f PSID = Y = pallet angle (deg)
i PSIDOT = Q = angular veloclity of pallet (rad/sec)
w PHITOT = ¢T = cumulative escape wheel angle (deg)
- F34 = Fy, = normal contact force between gear no. 3 and pinion
- no. 4 {1bf)
! F23 = F23 = normal contact force between gear no. 2 and pinion
. no. 3 (1bf)
E: F12 = Fpo = normal contact force between gear no. 1 and pinion
= no. 2 (1bf)
. PN = P, = normal contact force between escape wheel and pallet
T {1bf) (calculated with equation 1in terms of the
- escape wheel variable ¢)
:; PNPSI = P = normal contact force between escape wheel and pallet
‘ ny (1bf) (calculated with equation 1in terms of the
ol pallet variable y; should be equal to PN)

DPHI?2 = ¢ a  angular acceleration of escape wheel (rad/secz)

The output continues in this manner until the free motion regime is reached. The
output for free motion 1is as follows:

AN

i

L

«
(]

T 2 t time (sec)

PHID = ¢ instantaneous escape wheel angle (deg)

PHIDOT = é = angular velocity of escape wheel (rad/sec)

| SARAL

T

» e
e o



AR ) ;S ;& L ) A Emmmew = s

S » B L,

B THAEEERER] ] e

CALNL WY SN

| TREARANAY ORI AT

>

e 2"
.

e oD
by &
. <l

Y v v v
.

PSID = y = pallet angle (dey)

PSIDOT = $ = angular velocity of pallet (rad/sec)

PHITOT = ¢T = cumulative escape wheel angle (deg)

FF12 = Fypyp = normal contact force between gear no. 1 and pinion
no. 2 (1bf)

F¥23 = Fpp3 = normal contact force between gear no. I and pinion
no. 3 (lbf)

FF34 = Fpy, = normal contact force between gear no. 3 and pinfon
no. 4 (1bf)

when impact is sensed, the following parameters are written

VP = Vp = velocity of the contact point of the pallet pin
(in,/sec) (first printed just prior to impact)
A = Vg = velocity of the contact point of the escape wheel

tooth (in./sec) (first priunted just prior to impact)

Next, immediately after impact, the parameters PHID, PHIDOT, PSID, PSIDUT, and
PHITOT are printed, as well as the post-impact values tor VP and VS.

Upon the termination of the computer prograwm, the Liual values printed are
the maximum contact forces experienced at each intertace during both free and
coupled motion, and the arming time of the device,

Within the program, statements have been added in order to reduce the out-
put. The time increment being used in the numerical analysis of the differential
equations 1is 0,00) second, and in the case of the PATRIUT Mi43 Sear, an arming
time of approximately 3 to 4 second 1s expected. This would result in approxi-
mately 30,000 to 40,000 lines of output., In »rder to limit this outpat, state-
ments have been added to allow full print-out of only the first and last 3U de-
prees of escape wheel travel (in the case of the MI43 SaA, the escape wheel trav-
els over 13,000 degrees in the arminyg process). The output between the first and
last 30 deygrees 1is limited to every 1,000th line with further control statemeuts.
All output control statements can be easily removed or altered to suit the needs
of the user.

COMPUTER SIMULATION OF AN EXAMPLE MECHANISM

Because the PATRIOT M1471 SaA actually hds a tour-pass gear train due to the
mesh between the two driving rotors, some minor moditications had to be wmade to
the analysis and to the computer program, The revised analysis is given iun ap-
pendix C and the assoclated computer program is shown in appendix p. This saA
will now be used as a sample mechanism. The balduce rotur will be used as the

16




driving rvotor.

The input parameters3 needed to simulate the MI143 S&A in an 11.9

g centrifuge arming test are described in detall bhelow:

Eacapement Parameters

A = a = 0.1996
B - b - 0.1495
C = ¢ = 0.1188
R - r -

ALPHA = a = 45.0
EREST = E - 000
LAMBDA = A = 108.42
DELTA = § = 30.0

Reference 2 gives further details of these parameters,

Mass Properties of Components

2.677%

Ml = my =

3 a1 rotor input parameters

(4.6963 x 1072

(1n.) (5.0698 mm)

(in.) (3.7973 mm)

(in.) (3.0175 mm)

0.01575 (in.) (4.0005 mm)

deg

deg

deg

x 1074 lb—seczlin.
kg)

subscripted with a 1|

17

L

distance between the pallet
and escape wheel plvot cen-
ters

escape wheel radlus

distance from pivot center
to pin center of pallet

(identical for entrance and

exit)

pallet pin radius (identical
for entrance and exit)

escape wheel tooth half€
angle

coefficient of restitution
(high speed motion pictures
of runaway escapements 1indi-
cate totally 1inelastic im-
pacts)

angle formed between pallet

pins with radil taken to
pivot center
angle between individual

escape wheel teeth

1f needed.

mass of rotor assembly

are those of the halance rotor.
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M2

M3

Mé4

MpP

11

12

13

14

Ip

General Parameters

RC!

RCP

RHOP

PHILICD

pPSIC..

PHID

by}

my

Wy,

cl

GC

R
—
2]

1.9324 x 10°6 1b-sec?/in,
(3.3894 x 1079 kg)

1.2185 x 1078 1b-sec?/1n.
(2.1372 x 107% k)

1.0570 x 10~® 1b-sec?/in.
(1.8540 % 1074 kg)

5.3540 % 1076 1b-sec?/in,
(9.3909 x 10~% kg)

8.2140 x 1072 in.-1b-sec?
9.2952 x 10”8 kg-m)

1.3692 x 10-9 in.-l1b-sec?
(1.5494 x 10710 xg-n)

8.599] x 10”7 in.-lb-sec?

(9.7317 x 10710 kg-m)
6.84996 x 10"Y in.-1b-sec?
(7.8078 x 10-10 [.:g-m)

6.8390 x 1078 in.-1b-sec?
(7.739 % 1077 kg-m)

0.2656 in,
(6.7462 l'um)

0.C 1in.
(0.0 mm)
J.0152 1in,
(003861 lm'n)
45.9 dey

0 dey

133.45 deg

18

mass of no. 2 gear and
plnion assembly

mass of no, 3 gear and
pinion assembly

mass of escape wheel and
pinion no. 4 assembly

mass of pallet assembly

woment of inertia of
rotor assembly

moment of inertia ot no. 2
gear and pinion assembly

moment of inertia of no. 3
gear and pinion assembly

moment ot inertia of escape
wheel and no. 4 pinion
assembly

moment ot inertia of pallet
assembly

distance from rotor pivot
center to center of mass

pallet eccentricity or dis-
tance from pivot center to
centet of mass

pallet pivot radius

rotor auple in starting
position (fig. 1}

ecceantricity angle of pallet
(tig. 1)

escape wheel starting angle
ot initial coupled otion
simulation (ftor choice ot
this angle, see ret 2)




PHICUTD - 13,268 deyg = cumulative escape wheel
angle at which artming oc-
curs, oubtained trom product
ot gear ratio and  known
rotur displacement uecessary
tor arminy

MU a u = 0.10 = coetficient ot triction ot
peai  train  (pivots, tooth-
to-touth coantacts, and ces-
cape wheel pilvot)

MUL = u = 0.10 = coetticient ot triction ot
1 pallet-escape wheel 1iater-
race aud pallet pivot
BETALD = f = 90.0 deg = angle between lateral dxis
! (x-axis) aund line from rotor
pivot tc no. 2 pear-and-
pinlon assembly pivot (fiyg.
b -]
T
BETA2D = BZ = 90.0 deg = angle between lateral axis ::»fi
and line trom no, 2 year and g -:
pinion assendbly pivot to no. L,
3 pear and pinion assembly bied
pivot (fig. 1) -
BETA3D = 83 - 180.0 deg = angle between lateral axis ﬁ
and line from nu., 3 yeatr and o
pinion  assembly pivot to .l
escape wheel and pinion
assembly pivot (tig. 1)
BETA4D a BA = 180.0 dep = angle between lateral axis

and line trom escape wheel
and pinion assembly pivot to

pallet asscubly pivot (tig.

1)
Cear Parameters ;
PSUBD} = Pdl = 75.4 = diametral pirtch of wesh no. !i;}
1 (rotor and pinion no. 2) DR
PSUBD2 s Py, = 96.5 = diametral pitch ot wesh no, ii}f
2 (gear nov. 2 and pinion uo. -
3)
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PSUBD3

NG1

NG2

NG3

NP2

NP3

NP4

CAPRPI

CApRP2

CAPRP3

RP2

RP3

RP4

P4 DA | T L A

THETAI

THETA2

THETA3

(AN

RHOI

COLIE DL

RHO2

SIS

e

3

)]

"

[}

102.9

111

30

30

10

0.73410 1in.
(18.64614 mm)

0015545 in,
(3.,94843 mm)

0.14575 1in.
(3.70205 mm)

0.06635 1in.
(1.68529 mm)

0.04145 1in.
(1.05283 mm)

0.03885 1in.
(0.98679 mm)

20,0 deg
20.0 deg
20.0 deg

0.0770 1in.
(1.9558 mm)

0.0190 4in,
(1.4826 mm)

20

diametral pitch of mesh no.
3 (gear no. 3 and escape
wheel pinion)

number of teeth of rotor
(full gear no. 1)

number of teeth of gear no.
2

number of teeth of gear nc.

3

nunter of teeth of pinion
no. 2

number of teeth of pinion
no. 3

number of teeth of pinion
no. 4 (escape wheel pinion)

pitch radius of gear no. 1
(cotor)

pitch r dius of gear no. 2
pitch radius of gear no. 3
pitch radius of pinion no. 2
pitch radius of pinion no. 3
pitch radius of pinion no. 4
(escape wheel pinion)

pressure angle of mesh no. 1

pressure angle of mesh no, 2

(%)

pressure angle of mesh no.

pivot radius of rotor

pivot radius of no. 2 gear
and pinion assembly

At AR R I ~y v
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Aoy
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R F PR

RHO03

RHO4

CAPRBI1

CAPRB2

CAPRB3

RB2

RB3

RB4

CAPROL

CAPROZ2

CAPRO3

RO2

RO3

RO4

Jl

J2

J3

b2

Ty3

YA

ol

Ry2

Rs3

T2

T3

o4

0.0154 1in,
(0.3912 wm)

0.0154 1in.
(0.3912 mm)

0.7115 1in.
(18.0721 mm)

0,1425 1n,
(3.6195 vm)

0.1340 1in.
(3.,4036 mm)

0.04375 in.
(1.11125 mm)

0.02700 in.
(0.68580 mm)

0.02450 in,
(0.62230 mm)

0.75250 1in,
(19,1135 mn)

O- 16630 11\0
(4.22402 mm)

0.15615 1in.
(3.96621 mm)

0.07585 1in.
(1.92659)

0.04915 in.
(1.,24841 mm)

0.04660 1in,

0

21

pivot radius of no. 3 gear
and pinion assembly

plvot radius of escape wheel
and pinion wo. 4 assembly

bage radius of gear no., |
(rotor)

base radius of gear no. 2

basa radius of gear no. 3

base radius of pinion no. 2

base radius of pinion no, 3

base radius of pinion no. 4

outside radius of gear no. 1

outside radlus of gear no, 2

outside radius of gear no. 3

outside radlus of pinion no.
2

~

outside radius of pinion no.
3

outside radius of pinion no.
4

initialization parameter for
mesh no. 1 (zero corresponds
to the earliest possible
contact of mesh, refcrence
3)

initialization parameter for
mesh no. 2

inttialization parameter for
mesh no. 3
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Angle Indexing Parameters

TANG = 160 deg =

NT = 2 =

Parameters Needed for M143 Two-Rotor System
BD = 8 = 97.3 deg =

RD = rp, = 0.17349 1in. -

(4.40665 mm)

0 = Ip = 6.9974 x 1072 in.-lp-sec? =
(7.9185 x 10°° kg-m“)
D = my = 2.679 x 10°% in.-secz/lb =

(4.699 x 1072 kg)

Acceleration Deflaing Parameters

N = 2 =

TIM(J), where J =1 to N =

GA() =

GL(J) -
22

escape wheel angle at which
coupled motion 1s no 1longer
possible (see reference 2 to
choose this angle)

number of escape wheel teeth
spanned by the pallet pins
when 1in entrance coupled
motion

detonator rotor angle 1in
starting position (app B)

distance from detonator

rotor plvot center to center
of mass

moment of inertia of deto-
nator rotor

mass of detonator rotor

number of points wused to
define the acceleration
profile

time data points for accel-
eration profile (sec)

axial acceleration data
points corresponding to
TIM(J) data points (g's)

lateral (normal) accelera-
tion data points correspond-
ing to TIM(J) data points
(g's)
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REBSULTS

The program M143SA and the computer output tor the run which siwmulates the
M143 S&A in an 11.9 g centrituge arming test are listed in appendix D, The re-
sults predict S&A arwing in 3,57 seconds. This falls well within the arming
specification of 3.1 to 4.2 seconds. The maximum non-impact contact torces cal-
culated in the program are as follows:

F = 0.04 1lbf ¥ = 0.03 1lbt
34 F34
(0.018 kg) (0.014 kyg)
Foq = 0.20 1bt F.a, = 0.18 1bf
23 34
(0.091 kg) (0082 ky)
F,s = 0.75 lbt Fio1y = 0.66 1bt
12 F12
(0.340 kg) (0.299 k)

p, = 0.01 lbt
(00005 kg)

CONCLUST (NS

With this simulation, an increased capability to analyze various sating and
arming (S&A) mechanisms has been achieved. This capability to date 1{includes
artillery S&A mechanisms (spin driven) with involute two- and three-pass pear
trains and pin pallet runaway escapements (ref 1), artillery SaA mechanisms in an
aeroballistic environment with two-pass involute gear trains and straight-sided
verge runaway escapements (ref 4), and now missile and rocket S&A uwechanisms with
involute three~pass gear trains and pin pallet runaway escapements.

The computer simulation developed in this report has been shown tv be appli-
cable to the PATRIOT M143 S&A after some siight modifications, The results were
in good zgreement with the specification requirement for this mechanism,

RECOMMENDATIONS

The M143 gafing and arming (S&A) mechanism 1s currently the subjuct ot a
study to improve the producibility ot the device. Changes generated through this
study may atfect the timing function of the device, The computer simulation
developed here should be used in conjunction with laboratury testing to recommend
adjustments to the escapement assembly so that the SaA can continue to meet 1its
arming time specitication.
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APPENDIX A

DYNAMICS OF ROTOR DRIVEN MISSILE OR ROCKET S&A MECHANISM WITH

A THREE-PASS INVOLUTE GEAR TRAIN AND A PIN PALLET RUNAWAY ESCAPEMENT NG
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This appendix gives derivations for a complete mathematical model of a mis-
sile or rocket 38A mechanism consisting of a rotor driven by axial acceleration,
a three=-pass involute step-up gear train, and a pin-p2lict runaway escapement,
The configuration of this model is shown 1n figure A-1.

This work was patterned to follow, to a considerable extent, work done by C.
G. Lowen and F. R. Tepper in reference t. That work, in turn, draws to a large
degree on previous efforts by the above-mentioned authors; 1l.e,, the dynamics of
the pin-pallet runaway escapement (ref 2) and the analysis of fuze gear trains
(ref 3). As in reference 1 and 2, the following three regimes of the mechanisms
are considered:A”

1. Coupled Motion

The escape wheel is in contact with one of the pallet pins while it
is driven by the rotor (gear no. 1) through the gear and pilnion sets nos 2 and
3. The coupled motion differential equation is written in terms of the escape
wheel varfable and is obtained by combining the solutions to the Newtonlan force
and moment expressions for the individual mechanism components.

2. Free Motion

The pallet and the escape wheel, gear train, rotor system move
independently of each other during this phase of motion. A differential equatinn
is required to describe the motion of each. The differential equation of the
pallet 1is expressed in terms of the pallet variable P, and that of the combined
system in terms of the escape wheel variable ¢.

3. Impact

The formulation of the impact regime is taken directly from refer-
ence 2, except now the moment of 1inertia of the escape wheel and pinion no. 4
also contalns the referred mass properties of the rotor and gear pinion sets nos
2 and 3, This impact simulation is based on the classical angular {impulse momen-
tum model, where a coefficient of restitution 1is used to account for the energy
losses. It 1is assumed that the effect of the impact force between the escape
wheel and the pallet 1is significantly greater than the effect of the driving
torque of the rotor and the varlous retarding torques caused by friction. There-
fore, the driving torque of the rotor and the retarding torque are not considered
in the model.

The influence of friction forces is considered both in the coupled and free
motion regimes. There {is friction at the escape wheel-pallet interface during
coupled motion, and there is friction between the gear teeth and at all pivots
during both of these regimes. As 1In references 1 and 3, the 1individual pivot
friction torques are obtained by the algebraic addition of the two friction
forces due to the x and y components of the normal bearing forces, rather than by
airect use of the resulting normal forces. This conservative approach to fric-
tion is necessary in order to avold difficulties which the presence of a square
root introduces into the solutions of various differential equations.

Al For a more detalled description, consult rfigures in reference 2,
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The following outlines the derivations of the differential equations for
both free and coupled motion as well as the development of contact force expres-
sions.

Dynamics of the Pallet ian Coupled Motion

The dynamic analysis of the pallet 1s most conveniently performed in the
primed coordinate system (fig. A-1). The coefficient of friction at the pallet-

escape wheel interface and at the pallet pivot has the designation M

With A, representing the axial acceleration of the missile and represent-
ing the normal acceleration, the acceleration of the center of mass of the pallet
can be expressed as follows (figs. A-1 and A-2):

Acp = A+ AL- Y LI [cos (v + wc) 1* + sin (v + wc) 3]
+ rcp [-sin (v + wc) 1+ cos (¢ + wc) 3] (A-1)

A coordinate transformation 1le necessary to express XA and KN in the primed
coordinate system

Ad = -(AA sin B8, 1° + A cos B § ) (A-2)
ANi = - AN cos Bai + AN sin BAJ (A-3)

With the above acceleration expression and the free body diagram of figure A~2,
Newton's Law can be written as follows:

- - . » + -
Pnnn M8, Pnnt * Fxp i "1%s pr ] "1%s Fxp ]

»

- mp {- (AA sin B& + AN cos BA) 17 + (AN sin BA - AA cos BA) A\

- @2 rcp [cos (w + wc) 1° + sin (w + wc) j‘]

- - A-4
+v,»rcp[-sin(w+\1:c)i +cos(w+wC)J] (A=)

The signum functions introduced here, S, and SS' assure proper direction of the

friction forces at the escape wheel-pallet interface as well as at the pallet
shaft, regardless of the direction of pallet rotation. Thus,

s, = &~ (A~5)
g
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S, = —— (A-6)

- —

(reference 2, eq B-1). The unit vectors n and n are adapted from equations A-!
and A-2 of reference 1.

The moment equation of the pallet must be written with respect to the accel-
erated pivot Op, i.e.,
M = -1 Xm T + ﬁ (A-7)
where

P

L = absolute acceleration of point O
]

P

ﬁo = time rate of change angular momentum of the pallet with respect
p to point 0p

With the acceleration of the missile or rocket expressed in terms of axial
and normal acceleration, equation A-7 takes the form:

Mop = AA (sin BA i” + cos BA 37) + AN (cos 8

E -sinBAj)

K 4 ' . -\ v
X mp rcp (cos (v + wc) 1+ sin (v + ¢c) 37+ IP y k (A-8)

Appropriate computations and substitution of all moments, according to fig-
ure A-2, rtresults in the final scalar moment equatlon (the moment arms Ay, By, C»
and D; of reference 2 are now primed):

~ ~

- - _ (
p (D] +¢C ) o by 85 (F, o+ pr)

1 %1%

=l ovemor [AA (sin (v + wc) sin 8, - cos (v + ¥_ ] cos 8, )

+ A (sin (v + wc) cos BA + cos (v + ¢C} sin BA)} (A-9)

where

D =C cos (4= a~ ) (A-10)

1
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C;=-lr+Csin (¢ = a=- ] (A-11)

~

As 1in reference 3, F  and F p represent conservatively evaluated pivot force
Xxp y

components which assure that the pivot friction moments are opposed to the rota-
tion at all times. The following illustrates how this goal may be accomplished.

The pivot force components F; and F’p must first be obtained from component

expressions of the equation developed using Newton's law (eq A-4). The component
expressions are as follows:
- - - - + F* -
Pn sin (¢ a) u s Pn cos (¢ a) Fxp

1 F'
154 185 Typ

‘ o2 .
= i - - + !
mp . AN cos B4 AA sin B4 ] rcp cos (¢ vc)
. , N
+ ¢ rcp sin (¢ + wc;] (a-12)
and
Pn cos (¢ a) plsA Pn sin (4 a) pr uls5 xp
=m (A sin 3 - A, cos B8, - @2 r sin (v +yp )
p LAN 4 A 4 cp c
..I. ! ] ]
v rcp cos (v * 1')c)J (A-13)

The pivot force components F;p and F;p are found through simultaneous solu-

tion of the above component expressions. Subsequently, they are approximated as

F and E , respectively. The resulting cupressions fur § and F are given
xp yp xp yp
as:

~ ‘ 2 - ,
pr = Aan b3 A2AA 1t A3AN b Ab v ot A5 ) (A-14)
~ 12 o
Fxp = A6Pn + A7AA t ABAN + AQ vy t AlO V] (A-15)
where
b ) ( 2 )
b 1S, = Sg . sin (6 - - (1 + W s,Sg) cos (% - «)
Ay o= 5 (A-16)
1 + H
m fcos 8 - us. sin 8 )
Ay = | B— 4 L 4 (A-17)
1 + 2
m_ (sin B, - u s, cos B, )
- |.p 4 175 4
-'\3 72' (A"18)
1+ e .
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mor  fuac cos (+ ¥ )-8in (v + y !
A, = Lo VS o tT 5 < _ C (A-19)
| + ul
mor [us.stn (y+ ¥ )+ cos v+ y )
Aq = f-Bcp 15 S < (A=20)
1+ ul
2
" (s/. - 85) cos (5~ a) + (1 + 8,5¢ ¥ \' sin (¢ - a)
A6 = - - ‘2’ -_ (A-Zl)
1 + p
1
m_ us. cos , +u sin @
A, = |-RLS S 4 (A-22)
1 + L
m us. sin B8 + m_ cos B
Ag = |12 . : (A-23)
1 + u
1
[ ¢ ( 1
m_r (CO8 (¥ + ¥ ) + u,s. sin (y + ¢ JJ
Ay = |-B<p S 15 < A-24)
1 +
1
[ Y -~ [ )
m T 18in (w + 9 ) U, 8. cos (v + ¢ ,]
Ao ™ p cp c 21 5 c (A-25)
1+ N

To make the final decision concerning the signs of equations A-14 and A-15,
these forces are substituted into the moment equation (A-9), and the influence of

the direction of rotation on each of the resulting moment computations 1is ex-
plored:

- - - ( )
P [D1 +*Clws, -0 0% S5 (A + A6)] + o ¥ S, A (a, +a)

. .
toousg Ay (Ay +ag) e o usg V(A +Ag) 2 Pol1Ss ¥ MAg + Ay,

Ip v+ mp rcp [AA (sin (w + ¢E) sin 84 -~ cos (w + wc) cos Ba)

+

( 5 ) : j]
AN tsin (w + v, ) cos 64 + cos [V + Wc) sin BA,J (A-26)

In order for the friction moments to appropriately oppose the motion, the
following signum assignments are made:

With 8¢ positive for positive rotation (CCW) and vice versa, while all
other parameters are positive at all times, the following moment components of
equation A-26 must have negative signs during positive rotation:

- P o585 (Al + A6) (A-27)
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+2
+ A-28
Py W55 ¥ (AQ Ag) ( )
The axlal and normal acceleration terms A, and Ay can be both positive aud
negative due to varying flight patterns and decay due to air resistance, This
requires the introduction of signum functions Sy, and s;. These signun functions
are assigned values in the following manner:
sg = -1 for A, positive

sg = +1 for A, negative

and

Sy -1 for Ay positive

s; = +1 for Ay negative

With the introduction ot s¢ and sy, the following mowent components or eguation
A~26 must have positive signs during positive rotation:
+ s

6 Aa Po¥15s (A2 + A7] (A-29)

Y ) ( + —
+ s, A Pou Ss LA3 A8) (A-31)

The choice of sign for the friction moment term in equation A-26, which is
proportional to the pallet angular acceleration ¢, is discussed in detail in
reference !, appendix F. That work results in the computational rules of equa~
tions A~36 and A-37, which deal with the sign of the eftective moment of inertia
Ipr of the pallet. (Note that the signum function Sg has now been omitced.)

With these sign considerations, the moment equation A-26 becomes:
*2
o+ + - y
A Fa P A AT A Ay T A Y

) .- ' . . ) . ‘
IPR y + mp rcp lAA (sin (¢ + wc) sin 84 cos (w + wc’ cos 84’

+ A (sin (9 + ¢C) cos B, - cos (v + wc) sin 54)]

(A-31)
where
ALy = D]+ Cf ws, = powsg (A, + A) (A-32)
App = S P b S (AZ +A) (a-33)
Ay = 550,18 (A3 + AB) (A-34)
Ay P, M g (A4 + A9) (A-35)
Ipg = Ip + Aq when & and 6 hdave the same signs (A-36)
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IPR = Ip ~ Ajg when @ and y have opposite tsigms/\“2 (A-37)

Ais = epu) (ag + a5) (A=38)

Equation A-31 can now be rearranged in order to yleld an expression for the
contact force P . This contact force 1s to be the common torce in the develop-
ment of the dynamics of the escape wheel. This expression will later be used to
establish a single ditfferential equation for the escapement in coupled wmotion,

Solving A-31 for P,
\ v 2

o © Kj: (Tpg ¥+ Ay ¥ = A1, A A3 4y
taor [AA foin (v + wc) sin 8, - cos (¢ + wc) cos 84)
+ A (sin (v + qb) cos B, + cos (v + wcj sin 84)]} CA=19)

.The above equation can be rewritten in terms of escape wheel variables, &
and ¢. As 1In references 1 and 2,

V= U§+ Ve (A-40)
and
Vo= U (A=41)

Substituting 1in equation A-39, the expression tor the contact force in tevms

of the escape wheel variables is:

1 " 2 2
o TR (pg s+ (A, V7 % 1o V) 67 - Ay A, = Ay &y
( ] - —
moTe [AA {sin (y + vc) sin 8, - cos (¢ + wc) cos 84)
‘o . Yoo
+ Ay isin (v+ wc) cos B, + cos (v + b, ) sin GAJJ} (A-42)

does not become negative, If this occurs,

A-2 Care wmust be taken that IP - Alb
cannot be zero since it

I,, must be set equal to zero. For free motion, Loy
would make the values of v indefinite in the Runge-Kutta solution,
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Dynamics of the Escape Wheel in Coupled Motion (Escape Wheel Incorporates Pinion
No. 4)

A free body diagram of the escape wheel and pinion no. 4 is shown in figure
A-3. The pivot forces F,, and F, as well as the forces Fq,, (m,&,), and (m,&y)

are aow defined in the general (unprimed) x-y system. The unit vectors n_ and n
must now be expressed in terms of the general coordinate system, From equations
A-1 and A-2 of reference 2: S B

nt = cos ($ -~ a) 1° + sin (6 = a) 3> (A—~-43)

no= - sin (¢ - a)-I' +cos (¢ - a) 7 (A-44)

Equations A-55 and A-56 of reference 1

17 = - ] ; ~ sin . 45 )
cos 84 s B4 h} 7 7 (A~45)

37 = sin 8q i - cos 84 3 - (A=46)

can be used to perform the transformation. The resulting equations sare

n_ = - cos (6 ~ a+ 64) i - sin (¢ - a+ ﬁa) J (A~47)
and

;; = sgia (¢ - o+ 84) i - cos (® - a + 84) 1 (A=-48)

The expressions for the unit vectors ;q and.:, , as used in the analyss

of pinion no. 4 in reference 3, section A-la ave of f&?ﬁher interest,

; = sin (B + B ).I - cos (8 + 8 ) 3‘ (A~49)

34 3 3 3 K
o =cos (B + 8. )1+ sin +0)3 A-50
N34 (8, = 8,) 1+ sin (8 + 8] (A-30)

With the use of these unit vectors and the tree body diagram (fig. A-3), the
force equation for counterclockwise rotatiom of the escape wheel assembly as
pivea by Newtou's law is:%7

A-3 gee reference 1, appendix F for description or motion reversal; i.e.,, clock-
wise escape wheel rotation. This may occur arter severe impacts.
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- + + 3
Pa Ma P W8 Y Fay My YoMy By gt Fl y4 b

w3 T Fydmm, (a, 3 + 4 t) (A=51)

Note that the coefficient of fric.ion u is now used tor all pivots and pear
tooth contacts of the remalunder of the mechanism train,””

Using figure A-3, the woment equation o1 the escape wheel for counterclock-
wise rotation can be written

- Pn (Al + B1 ulsé) - upa (an + byé) + T4 rsé
_ _ . - N (A=-52)
uey (dy = ag) ¥y =1, ¢
where
A{ = b cos a+ g (A-53)
B; = b sin a (A-54)

The escape wheel pivot forces ﬁ;b and F 4 are derivc’ in the same manner as

the pallet pivot forces, They are obtained from the cuaponent expressions of
equations A~51; 1.e.,

- (¢ - - -
P osin (¢ - a+ 84) s, u P cos (6 ~ a+ 84)
+ + + -
+ F,, sin (83 93) ve, F, cos (83 63) m, Ay
- (A-55)
F Fxh +u Fya 0
P cos (¢ - a+ 84) - 8,u P sin (6 = a+ BA)
- F,, cos (63 + 03) +us,y Fyosin (83 + 63) -m, A,
- - (A-56)
Fya o Fxé 0
Simultaneous solution ot equations A-55 and A-56 ylelds
Foo = Big Bn t A7 Fay A1 84 2 A g A (A=57)

A-4 The signum functions s,, s,, and s, are defined in reterence 3 in connection
with the tooth contact friction of various meshes,
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, 3
Fea = Bag Tt Agy Fag * Ay Ay 2 Ay Ay (A-58)
where
- (uls“ - 1) sin (¢ - a+ 64) + (1 + uulsl‘) cos (¢ - a+ B‘*]ll
At ={— 5 A-59)
' 1+ T
. ' 2
‘ -u(l*‘b3)siﬂ (63+93)- (1 +us3)cos [B3+63) ol
. Ay = - - (A-60) .
17 ; . P 2 -
: . ' 1 + p
' m -8
4 &
Mg = ‘_—7| (A-61) E:-.
1+ | .
I ~u m‘. 1]
. = - t~
: Ay — (A-62) o
: I + u y
1+ uus, sin (6 - a+ BA)+(SI.“1'“)°°8 (6 - a+8,) .
A = (A-61) £E3°
| 20 )
h 1 +u
' 2
! -(l+us]sin(8 +6)+u(1-s)cos(8 +8) 8s
3 3 3 3 3 3 ok
. Ayy = (A-64)
. 21 2 -
. 1+ A
.I -mh u '4.' .
{ 1+ 'F.".‘:“
; -, :
- 1 + v OO
- iy
! Noting that A;g = Aj4 and Ay = Ay,, equations A-57 and A-58 are rewritten ;ﬁ:{-\.
. dropping the unnecessary variables A,, and Aji. il
R . e
i Fon = Byg B * Ay Fyy ® A Ay £ 419 Ay (A-67) .
: Fua T A0 Pa Ay Fag A9 Ay 2 A1 A (A=68)
'i These pivot forces are now substituted into the moment equation A-58, '
& _ » + Pl - r + ’5
- By A+ s, ) = L8+ ) B () 4 8y ) Fy, 3
: t(Ag+ag)a, s (A +a)aler, Fy
; - us, (d3 - 33) Fo, = 1, ¢ (A-69) 4
41
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Again, care must be taken to assure that the pivot friction moment opposes
the motion. The terms

tup, (A +Aa) A,

and

o, (Mg +A5) A

must be negative tor counterclockwise rotation., This 18 again accomplished with
the signum functions S¢ and S5 Thus, the two above terms become

+ +
sg we, (Ay * Ag) 4y
and
+ A -
vosy uey (g ag) Ay :
Now equation A-69 can be solved for the contact force P, ;;;
1 + A F + A, A + A Ehﬁ
b O A Fay YA ALt AN , o
P = DY VU (A-70) VL
2 K-
where &35
£
Apy = Ty, ~ M [53(d3 - 33) +p, (A17 + AZl]] (A-71) 355
A23 = 86 upl‘ [AIB + A19) (A-72) .
Ay = 8, up, (Aw + Alg) (a-73) .

Ajg = Al + B ws, + up, (A16 + AZU) (A=74)
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Combined Coupled Motion Difterential Equation for Escape Wheel and Pallet

Two expressions have now been developed tor the coatact torce, P, between A

the pallet and escape wheel, By equating the two eyuations A-70 and A-42, 4 .
ditferentics equation of the coupled motion in terms of the escape wheel angle ¢ ~}5
is obtained, '..:.'.
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(s Tyg Ut A L) o+ (A, a, UT a1, V)¢
= A + - i ] N s
Ay Ay Fag v (B g v ay ayg —ay e st (b v v ) sin 8,

+ A r cos + cos A+ A + A
25 mp cp B (w WC) 34) A (All 24 “13 AZS

-A _nmr_ sin (y+ wc) cos B, - A, mr o cOS (v + wc) sin ﬂq) A

25 p cp 25 p cp N

(A-75)

The system differential equation cannot be solved until the contact force
F., is known, An expression can be developed for Fq, by coumbining the appropri~
ate ditferential equations for gear and pinion numbers 2 and 3 and the rotor
(gear no. 1),

Dynamics of Rotor (Gear No. 1)

A free body diagram of the rotor 1s shown in figure A-4. The acceleration
of 1{ts center of mass is given by

T T2 T
Aog = A * AL -6 [cos (¢lc +o)d
+ sin (¢lc + ¢1J i)+ 8 Tey [- sin (¢1C + ¢l) i
+ cos (¢lc + ¢1J i] (A-76)

It is desired to continue to express motlon in terms ot escape wnheel varia-

bles, ¢, &, and ¢» This 1s accomplished by introducing the gear ratio which
relates the motion; i,e.,

él = N41 $ (A-77)
¢1 = NAI ¢ (A-78)
where
“Npy Npy Ny
S (4=79)
63 "62 "Gl

The rotor angle ¢1C + ¢1 18 expressed as follows:

Pl P Tty N (A-80)

where ¢ represents the total rotation ot the escape wheel from the inception ot
the motion, (The section on Additional Program Features describes the manner in
which ¢T is obtained as a function of the ianstantancous angle §.)
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Equation A-76 can now be rewritten as,

- = - .2 "

Agg = A0+ A (N #)T oy feos (o) v e )
+sin (o, w0 ) 3] e e [-sin (o v, 08
+ cos (¢1c + N, ¢T] 3] {A-81)

wich figure A-4, Newton's force equation can now be written for clockwise
rotation of the rotor.A”

- F - ¥ - i+ 3 C = A -8
12 M2 T Bl Y TRt et Ea s m A o (AT8)
wvhere
-;12 = sin (Bl + 91) i - cos (81 + 91).3 (A-83)
Ny = o8 (8l + el) 1 + sin (f;l +8,]2 (A-84)
(ref 3, eqs A-78 and A-79).
Further, in figure A-%
F21 = - blz n, (A-85)
and
= - ¥ a -
Fea "1 M2 M2 (A-86)

(ref 3, eqs A-103 and A-104).

The moment equation must be written in the manner ot equation A-7 with re-
spect to tne accelerated point 0;. The pivot friction reactious ¥ _ and F are
treated so that the associated friction moments retard the clockwi§é rotat{on ot
the rotor. This leads to

K + uo, (f +F ) K

R F k = ps F
il X1 yl

bl 12 11 12
= - (AA I+ A 1) x moT [cos (¢1c * N, ¢T) i

+ sin (¢1c + N, ) i)+ I, 6, bk

T (a-87)

Performing the cross procduct, and then simplifying, the moment equation becomes:

A=5 Description of motion reversal, reference 1, appendix F.
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Roy Flp = 813 Fip +wey (Fyy + Fp )
=m rt  cos (¢]‘ + N, ¢T) Ay m T sin (¢ N ¢T) A,
LN e (A-88)

The force equation A-82 can be rewritten as two component expressions which,
through simultaneous soluticn, give the forces } and F %
y
- F in + 6 - us, F cos + 0 - F + F

12 Sin (8 * 8] - s, Fy, co (81 )T Ey e Ey

Feyp €08 (¢lc LAY

(A-8Y)
and F,, cos (B + 8 ) - us F _ sin (B, + 6, )+ F +u¥
12 0%t 107 M 2 1 yi T M fx1
= { - *1\2 Y] 3
m {4, (NAI 6)" r | sin (¢1 N 60)
. (
+ Ny b mos (80 + N,y d) (A-90)

Simultaneous solution yields

~

i ‘ .2 .
Fop = Ay Fly £ A, A 2 Ay A E A (v, | 6)° £ A N 9 (A-91)

~

Fa 31 12 T g M

[}
H
»>
e
H
>
>
H
[
~
L d
>
—
=

where 9
e 4 P
w (L +s ) sin (B + 8+ (s - 1) cos (Bl +9 )

[
>
o)}
]

A, 5 (A-93)
(1 + w")
m,
A - (A-gh)
27
(1 + )
L
(1 + u !}
. {4 s i [ ;
} LI |u cos e * Ny ¢I) sin L)+ N, ¢T)]
A29 = | — 7 (A=-96)
1+ )
[ ! B . 4 "
mI rul jcos Lﬁlc + hél ¢T] - u sin L@lc + S @T)]
Ay = 3 (A=97)
\
(l + Uy
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(1 - w2s ) sin (8 + @ J+u (1 +s, ) cos (8 +8)
1’ S 9 L 179
Ay = (A-98)
. 31 2
i’ (L + )
- 3 {
2 my oy leos (9 ¢ Ny op) - wsin (o) 4N,y 0]
w P.?z = 5 (A-99)
s 1+ )
- s f |
qmy Ty [reos Loy 4N ep) vt (o, 4N a)]
Aqq = (A-100)
33 )
O+ )

Equations A-91 and A-92 are now substituted into the moment equation A-88§,

l Ry Fip = 38y8 Frp *ovey {8 (A + 83 ) F )y

B Ay, v A ) Ayt (Ay + A ) apt (a5 + ag) (N, 8)

_ £ (A + Ay ) N el =mprcos (8 N, o) A,

g .

: Somprgy sin (o) N 6] AT N0 (A-101)

Again, care must be taken to assure that the friction momeunts oppose the
motion; i.e., are positive for clockwise rotation. In order for this to be true,

-
P
. e PRI
L . S,
AR ;]
dom kL L PR

the following terms must be positive: »
N p -
o Py F12 LA26 A3l) :;uj
oy 22 :%::
o bop 47 Ay + Agy) g,

and the following must be negative:

—v
]
.

-
"
v

R
i T s o Ay (A ¥ Ay
ri_, sy wop Ay (A, + Ay

remembering that the signum functions Sg and s; are defined in such a way that
the products sg X A, and sy X Ay will yield a negative number.

» e

To determine the sign of the pivot friction moment which is proportional to

the angular acceleration ¢ of the escape wheel in equation A~101, the ideas pre- e
sented in reference 1, appendix F are used. 1In order to accomplish this, let the ‘if
coefficient of friction u of this term become absolute so that it ceases to serve AN
as a directional signum function in the sense of reference 1, appendix E. Fur-
ther, let the expression be changed, for the time being, so that it becomes a

function of the rotor angular acceleration ¢ ,. With the above, a. . 1 the sense X

of equation F-2, reference 1, appendix F, Ehe absolute value of ..., friction Lo

moment MAA may be expressed as E:ﬁ
47 B
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Maa = [ul g (Agy + 845) o)
From this point on, 2ne may use the reasoning of reference 1, appendix F direct-

ly, }eeping in minc¢ rhat Eu| CH [A30 + A33) and ¢1, are now used instead of Ays
and y, respectively.

As In the four cases of reference 1, appendix F, the effective moment of
inertia IlR takes two forms:

, .
AR

»

L g
7'.'

4:-
2
,n»

¢

’
4

v

= I : A -
IIR I1 + |u| e (A30 + A33), when ¢l and ¢l have the same sign (A~102)

-

v
f’L l).

-
1

Sy ; . A ey

Lr = L | ] 0 (A30 + A33), when ¢, and ¢, have opposite signs (A-103) o
The moment equation, A-101, gives all relevant cxpressions in terms of the escape Qi:
wheel variables $ and ¢. Since they are both proportional to 5 and $, by the ng
identical gear catio N,;, one may readily extend the above computational rule to Y

the escape wheel variables.

The above considerations give the moment equation the following form:

,Tq,,,“..
SN
b,

[ - a. + + ] - 51‘
Frg Ryp mwspay + vy (A + Ay )] = squop (Ay, + 400 A, Fon
= spuop (Mg, + Age) Ay v ey (Ayg + Ay ) N .

= o ( + \ - ;

™ ey 08 U F Ny e Ay sy rstn (0,0 N 0] Ay ¢
F L Ny 0 (A-104) o
LI
Solving for F]2 ;i;j
A ( 0)2 . \.'._':.‘
Al A, + A, + A N o) + 1 N ) R
Fly 35 4 3% N A37 41 IR 41 (A-105) <
34 ~.$
i*.
where: NS
08
b el
A R (A ) b
34 % Ry TS 3 ouep WAyt Ay (A-106) ;.El:,g
= g ! ] N { J — '-_‘:-‘
Aqg S¢ M| \A27 + A28‘ + mor,, cos k¢lc + Nbl ¢T) (A-107) o
- i _ / \ - e
Aye = syHep [Ayy + Ag) - mp e ostn (o) N 6] (A-108) o
‘ \ N
A37 T - unl \AZQ + A'}?_’. (A-109) s..:.;;
T
48 -
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Dynamics of Gear and Pinion Set No. 3

The equations for force and moment equilibrium on and about gear and pinion
set no. 3 are developed similarly to the work shown in retference 3, pp A27 - A3Z.

In this case, however, the inertia forcc T3 is omitted and replaced with my (AAE
+ ANI)' Letting

937 Nuz @
with
-N
N43 =j\J—P—A (A-110)
“G3

the force and moment equilibrium equations are as tollows:

Force Equilibrium

Fag Mg sy Foy Mypg = Fay My TSy Fyy gy T gt

Cur T-r Tour 7.
wEo, Foad-wfyd=nga 3 N (A-111a)

Moment Equilibrium

R - a_ F_ = P+ (d - :
by Fay = 4333 Fyy = Ty Foy tows, (d) = a,) ¥y
* ko3 (Fx3 +F (A-111Db)

The force equation can be rewritten in component furm as:

- { - - Y _ o \
F23 sin \BZ 92) + us, F23 cos (BZ 82, }34 sin (83 + 03)
mousy Fycos (By 4 i) 4 Ky - wF -y A =0 (A-112)

and

F23 cos [62 - 62} *tous, l-‘z3 sin (62 - 92) + F}g cos {B} + 03)
- ' + -F . -upyk _ - a =0
us, Fy, sin (B + 6, L S T T (A=113)
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Simultaneous solution of equations A-112 anu A-113 yields the following "_-;:'.-:\
results: St
.
g = B 8gg Foy T Ayg AL 2 A0 Ayt 4, Ty (A-114) N
F . = F A, A +tA A tA_F - o
Faz = F A Py T80 A T 439 A E A, Fy, (A-115) 3
where 9
(8. - 6. ) - ‘o - :
(1 +u's,) cos (8, = 8,) + u (s, - 1) stn {8, 02)| o
A38 = 2 (A—116) L
1 + u l T
i, 3
Ayg = 5 (A-117)
1 + u
-,
1 + u
2 ,
(1 - us3)cos [B3+03)-u (1+s3}sin (B3+93)
Aoy = 3 (A-119) R
1 + 4
/ 2 kB 3
(1 + us, ) sin (82-92)+u(1-52)cos (82-02) B
Ay = 5 (A-120) N
1 + v AR
\.‘\."\-
2 I e
(1 -w 53) sin \83 + 63) + (1 + 53) cos (83 + 93) :_:_;iv
Ag3 = 3 (A-121) S
1 + v i
The moment equation, A-11lb, can now be rewritten with the evaluated friction RS
terms. Again, the signs are chosen so that the friction forces oppose the mo- -
tion.
C j o
"oy Faa = 183y Fyp = Tyy Fog +ousy 4y - ay) g -
N r VE. - " - s ( S
uey lAgg * A ) Fyy m s (A ALY AL sy (A v A) A —
+ F,, A, +A_.])]=1 5 i
3 B4 Ayl T Iy Ny d (A-122) e
The moment equation can now be solved for the contact force Foq: s
A, Fo, + A A, + A, Ay~ L, N, & Ry
F = 4 34 ‘45 A 46 N 3 A} (A_123) -:’ .
23 A . .
47 ;A
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where
Ay, = Rys = wsjan + uo, (AM + A“) (a-124)
= r e
Bys = = UPySe (Agg ¥ Aao) (A-125)
Ape = = woysy (Agy + 4] (A=126)
A7 = Ty - M [52 (d2 - az) tooy (Agt Aaz)] (A-127)

Dynamics of Gear and Pinion Set Number 2

The moment equation of gear and pinion sct number 2 is developed and solved

similarly to that for ygear and pinion set number 3 by replacing T, with m, (A i

+ AA j) in reference 3 and using the free body diagram in veterence 2, page A-35.

_The force equation is divided into 1its component parts and solved tor ¥
and Fyz with the following resulcs: xZ
*yz =t A F LT A A ¢ Agy Ay T A5 Fog ‘ (A-128)
F . =+4A_F A-12
Fag E 8, Flo b Ajg AT A A A F o (A-129)
where
s, - 1)sin (B +8 ) - (vs + 1)cos (2 + 8
Ao = 1 1 1 1 1 1 A-130)
48 Z (A-130
1+
A m2
NG9 F 7 (A-131)
1 +u
U m2
1 +
.. (u 5, - 1) cos (32 -8,) - (s, + 1} sin (sé - 02) N
1 +u
u (1 - sl) cos [81 + 61) - (1 + uzsl) sin (8, + 8,)
Agy = > (A-134)
1+ u
1 - ) sin (R - - in _
N ( u 821 8 \82 92) u (1 + 52 ) cos (R 02)
53 = (A~135)
1 + u
51
i
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Again, 1in writing the moment ecuation, signs are chocen and signum functions are
employed to ensure that the fri.-'onal forces always oppose the motion.

- + - -
Ry Fay * H8y3, Foy + ¥y Frip ~ 18 () - a)F,

- f - + - + A
uo, (A + 4, ) Py s (A v a ) =5, (A, +A) A
\ ) .
+ () + Aga) Fpl= Ty Ny @ (A-136)
where
- . 137
¢2 N[‘2 ¢ (A-137)
and
N., N
Ny, = QEé,iil (A-138)
“G3 G2
Finally, equation A-136 is solved for F;, yielding:
Ay Fog + Agg Ay + Agg Ag+ T, Ny 0 .
F.. = (A-139)
12 A,
57
where
= [ - -
_ ( 3 -
Asp = = wpysy (Ayg + Agy) (am142)
Agy = 1., = ¥s (d, - a,) - wo, (A_,‘8 + Asz) (A-143)

Dynanics of the Combined System in Coupled Motion

Bquation A~75 is the differential equation of coupled motion of the entire
system in terms of the escape wheel variable ¢. 1In order to solve the equation,
an  expression must be developed for the contact force Faye A combination of
equatlons A-105 and A-139 (both expressioas for the contact force F),) will yield
an expression for the contact force Fpj. The resulting expression for F can be
combined with equation A-123, also an expression for F 3. This will lead to an
cxpression for the contact force Fi,+ Combining A-105 and A-139 yields:

0 - } _
11 = w A Ay Ay = Ay Agl A+ (Agg Agy - Ay A ) Ay

. ) .
37 gy Mgy 1o {Agy N L= Ay TN 8]

[0l
«
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Now, combining this equation with equation A-123 results in an

expression tor
b34:

1
F,,o=————— [(A;c A, A, — A, A _ A —A A _A_)A
3 T Ay, A, Ag, '35 Tar Dt 34 %47 f55 36 245 54’ Ma
+ - - /
(Agg By Agy = Ay Ay Ao = Ay A A ) A
i 02
, e

34 47 T2 az) 0] (A-145)

Now this expression for the contact force V4, can be substituted into eguation A-
75 to give the differential equation of couupled motion of the system:

. .7
. + = = + =1 7
Agg ®+ Agg & = Agy At Aoy Ay (A-146)
where
A . A
11 22 ( ;
Acg = A._ 1 U+ A, I, ———n (a4 A __ N 1
58 L ?
25 PR ILTe T Ay R A e BsT Tar ik
+ h - R
Mgy Ay Ty N3 7 gy Ay Ty o) (A-147)
A A A A A,
2 11 22 %37 P47 Psy 2
Acg = A, A U+ AT V- N (A-148)
59
) 14 225 25 'PR Ay, A, A, 41
A, A
1 22
Agq = T (A, A, A, = A, A L A . -A, A _ A )
Ay, Ay, Ag, - 35 w7 s 34 247 Pss 36 745 "5y
! + - sin (¢ + ;
FAL AL AL A A my Tep 810 (v + v, ) sin 8,
* Ay R (v + wc) cos 8, (A= 149)
A, A
11 22
Aot = aaa (Agg Ay Agy = Ay Aug Age = Ay Ao A, )
34 44 54
- 1 + ¢ ) S
+ A AZA + A13 A A25 mp rcp sin (¢ ¢, ) cos B4
- s [y o ;
A25 mp rCp cos (V + yc) sin B4 (A-150)
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DIFFERENTIAL EQUATIONS FOR FREE MOTION REGIME

The differential equations of free motion of both the pallet and the escape
wheel, gear and pinion no. 3, gear and pinion no. 2, and the rotor system can be
developed from coupled motion expressions previously established,

Free Motion of the Pallet

Equation A-~39 is an expression for the contact force P_ between the pallet

and escape wheel. By setting P, equal to zero, the differential equation of tree
motion of the pallet is obtained.

A, v+ AL Vo= Agy Ay + A A (A-151)
vhere
Agy = Ipg' (A-152)
Agy = A, - mprcp(sin (v + ¢%] sin g - cos (v + wc) cos 64) (A-153)
Agy = A13- mprcp(sin (v + wc) cos ‘B‘. - cos (¢ + qyc) gin Ba) (A-154)

Free Motion of the Escape Wheel, Gear Train, and Rotor System

The differentlial equation can again be developed in this case by first al-

lowing che contact ftorce P_ to equal zero. This {s done in the escape wheel
expression (eq A-70) yielding:

Ly ©= Ay Fay t Ay AL+ Ay Ay (4-=155)

Now equation A-145, an expression for the contact force Fy4, 1s substituted into
equation A-155, resulcing in the desired tree motion differential equation:

. .
b + A = -
A65 ¢ A66 o Ab7 AA + A68 AN (A-1506)
where
A
Are = T —- (A, A, N, I . +A A, L. N
65 - ‘ :
b gy A Al 47 757 T4l IR 34 54 "3 V43

S Ay, Ay 1) (A-157)

A6 yor free motion, lyg cannot be zero since it would make the value of ¢
indefinite in the Runge—Kutta solution (footnote A-2).
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Ay, Ao A, A, N, °
22 M37 847 P51 Mgy
o6 = A A A (A-158)
34 T4h 54
A22
A7 TR (A'jS Bz Doy = Ay, Ay A = Ay A A%] + A23(,\-159)
34 s sy
-2 (A,, A, A, — A, A - A ) +
A8 = Ny, Ay Agy 136 a7 U577 3e Age ~ Ayy Aup Bsy) ¥ By, (A-160)

Contact Force Expressions for Coupled and Free Motions

In developing dJifferential eguations to model the sys.cam, various contact
force expressions have resulted. These contact force expressioas can be useiul
in component strength calculations. The contact forces will vary according to
whether the escape wheel and pallet are in tree or coupled motion; thus, two sets
of contact force expressions are shown here,.

Coupled Motion

According to equation A-145

1
F,, =———————— [(Ajc A,, Ac; = A, A A -A A _ A )A
34 TRy, Ry, Aoy b3 Mz Ao T Rau Rer fss T Bau B Bsu) M
+ (Agg Bug Agy = Ay By Age Ay AL AL ) Ay
2 2 (
+ Ay Agy Ay Ny ) 8T (A A Ny T
- )
By Agy Ty Ny = Ay a1, 6] (A-161)
According to equation A-123
. Ay Fag ¥ A5 Mgt By Ay~ I3 Ny @
Fyy = n (A-162)
: 47
According to equation A-139
Agy Fuy ¥ Agg By + Agg A+ 1) Wy, 0
plz = y (A-163)
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The contact force P, between the escape wheel and pallet may be expressed in

terms of either the escape wheel variable ¢ or the pallet variable y. Therefore,
according to equation A-70,

TL, 0t Ay, Pyt A A Y AL N
P = (A-164)
n A25

or according to equation A-39

= _l_ | o 72
Pay = AL Upg W+ A, Vv = Ay Ay~ A3 Ay

( y ) -
+ mp rcp [AA (sin (v + v, sin B4 cos (v + wc) cos 84)

+ A {sin (v+ wc) cos B, + cos (v + %:) sin 84)]} (A-165)

Free Motion

Here, by definition, P, = 0. The contact force Fp3, can be obtained by

taking the contact force expression A-70 and setting P, = 0. This results in the
following equation:

I, 07 Ayg A+ Ay, Ay
Fo., = (A=166)
F34 A,

The expressions for Fppy and Fp o, can now be developed by replacing F34 with FF'}lo
and Fyq with Fpyq in equations A-162 and A-163, respectively.

Aua Fraw * Rus Aat Aue Ay T Iy Ny 0

Frpy = Y (A-167)
47
Aoy Frag ¥ Agg Ag T Agg Ay + 1, Ny @
FFlz = A (A-168)

57

Changes in Impact Expressions

The fmpact description of reference 2 basically remains unchanged; however,
as In reference 1, pp 72-73, the total moment of Jnertia lg of the escape
wheel 1s increased by the inclusion of the rotor and gear train, Therefore,

ISTOT = [4 + 13 ng + 12 sz + [1 N, (A-169)
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w &~
[ [

[}

See equations

= escape wheel - pinion no. 4 moment of inertia

gear and pinion set no, 3 moment of inertia

gear and pinion set no. 2 moment of inertia

= rotor unoment of 1inertia

A-79, A-110, and A-138, for the gear ratios.
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APPENDIX B
PROGRAM MISLSA
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170 PROGRAM MISLSA(INPUT,OUTPUT, TAPES« INPUT, TAPEG* OUTPUT ) '::
180 COMMON A.B,C,R,ALPHR.PI,Z22,M1,M2, M3, N4, MP,11,12,13,14,1P,EREST, LAN .
199 :soa DELTY, PHITOT, PHIPR, N41,N42,N43,0NEGR, OM2 . RC1,PRIIC, TESTL, TESTE s
209 2,TESTI,NG1,NG2,NE3, NP2 NP3, NP4, CAPRB1, CAPRB2 , CAPRB3, RB2,RBI, RB4, TH "3
210 3ETa1, THETAS, THETA3,R1,R2, R3, R4, RS, RHO1, RHO2, RHO3, RHO 4, RHOP, J1, 42, J ’E‘
220 43,BETAL, BETA2, BETA3, BETA4,D1,02,D3,AL1IN, ALIFIN, J, TANG, NT, .
230 6AL2IN, AL2F IN, AL3IN, ALIFIN,ALPHAT, ALPHA2, ALPHAZ, TN, T2, T3, T4, MU, U1, A
249 2RCP,P51C,51,52,63,54,55,A1,A2,R3, 0PHIR, DPS12, FI4MAX, F23RAX . F 12MAX L
250 8FF3IMAX, FF2INAX, rrxamax PNMaX . PHICUTD, AR, &N, 86,57 e
269 COMMON /ZETA~ PS1,TIME,G,DPST,GP Lo
27e COMMON-GCU/ TIM(100),GA(10@),5L(100),N B
ggg lgmensxon AUX(8,2), AUX2(8,4), PRMT(S), PHI(2), DPHI(2), X(4), DX( oo
)
300 REAL M1,Mm2,M3,M4,MP,11,12,13,14,1P, LAMBDA,K, N41,N42,N43,J1,J2,J3.N [;
319 161,NG2,NG3, NP2, NP3, NP4, MU, MUY v
g%g ) EXTERNAL FCT,OUTP, FCTF.OUTPF Ve
-
340 C READ IN AND URITE DATA o
3%0 ¢ S
360 VRITE(E,300) v
370 300 FORMAT (“ESCAPEMENT DATA*///) 5
380 REND(5,22)A,B,C,R,ALPHA -
390 URITE6,23' A,B,C,R,ALPHA S
409 READ(S,32) BETA{,BETA2,BETA3,BETA4 o
410 URITE(6,41) BETAL,BETAS,BETA, BETA4 e
420 READ (5,24) EREST,LAMBDAR,DELTA .
430 WRITE 16,25) EREST,LANBDA,DELTA Vel
449 VRITE(6,321) e
450 301 FORMAT(/-/*MASS PROPERTIES‘s//) ke
460 READ (5,26) M1,Mm2,MI, M4, MP L
470 URITE (6,27) M1,M2, M3, M4, mP
480 READ (5,26 11,12,13,14,1P 'i
490 URITE 16,28) 11,12,13,14,1P N
S00 URITE!6,302) o
510 302 FORMAT(/// *MISCELLANEOUS PARAMETERS®//7) o
520 READ (5,29) RC1,RCP,RHOP,PHILC,PSICCD,PHID, PHICUTD, MU, MUY )
530 URIZE (6,30) RCi,RCP,RHOP,PHI1C,PSICCD,PHID, PHICUTD, MU, MUL D)
S40 VRITE(E,303) o
S50 303 FORMAT(/,-*GEAR PARAMETERS®///) N
560 READ (5,31) PSUBL1,PSUBD2,PSUBD3, NG1,NGC2,NG3, NP2, NP3, NP4, CAPRP1,CA
570 1PRP2, CAPRP 3, RP2,RP2I,RP4, THETAY, THETAR, THETAD n
530 VRITE (6,35) PSUBD1,PSUBD2,PSUBD3,NG1,NG2,NG3, NP2, NP3, NP4, CAPRPY, C o
590 1APRP2, CAPRPI,RP2,RP3,RP4, THETAL, THETAZ, THETAS3 e
600 READ (5,32) RHO1,RHOQ,RHOJ,RHO4
610 WRITE (6,375 RMO1,RHO2,RHOT,RHO4 I
€620 READ (5,33) CAPRBY,CAPRB2,CHPRBI,RB2,RBI, RB4 i
630 VRITE (6,38) CAPRB1,CAPRB2,CAPRB3,RB2,RBI,RB4 s
640 READ (5,33) CAPRO1,CAPRO2,CAPRO3,R02,R03,R04 .
659 GRITE (6,39) CAPRO1,CAPRO2,CAPRO3,RO02,R03,R04 =
669 READ (5,34) Ji,J2,J3 [
679 URITE (6,40) Ji,J2,13 -
680 URITE(6.304 )
6990 304 FORMAT(///*ANGLE INDEXING PARAMETERS®///) o
200 READ(S,89) TANG,NT re
710 URITE(6,90) TANG,NT N
720 URITE(6,305) '
"
<.
v,
[
.\N
o
61

L. AN

]

PR )




-]

[

®
OOOOO0

OO0 (eleXp]

OO0

305 FORMAT(--/°ACCELERATION PROFILE DATA*///)
89 FORMAT (F10.3,13)

90
o1
92
93
94

FORMAT (3X,"TANG = *,F10.3,3X%,"NT = *,13/)
READ (S5,91) N

FORMAT(13)

READ (S5,92)X(TIMNJ),GAJ),GL(J), o1 ,N)
FORMAT (3F10.3)

WRITE (6,93) (TIM(J),GAR(I),GL(I), 1 ,N)
FORMAT (F10.2,4X,F10.2,4%,F18.27)

URITE (€,94)

FORMAT (/727 /77)

INITIALIZATION OF PARAMETERS AND CONVERSION TO RADIANS

J=0
TINE-@.
PHITOT+0.
FHIPRePHID
DPHIZ-0.
pPS12-e.
F34MAX+0.
F23NAax«0.
FleMmax-o.
FF34MAX+Q.
FF23MAX=9.
FF12MAY Q.
PNMAX=0.
Pl»3.14159
2Z-Pl/18@.
PHIIC-PHI1C222
PSICCePSICCDA22
PSICsPSICC
ALPHR-ALPHALZZ

COMPUTATION OF GEAR RATIOS
N41=-NP2EXNPIINP4/ (NGLENG2ENGS)
N42sNPIENP 4/ (NG2INGI)

N43s-NP4/NG3

CONVERSION GF PRESSURE ANGLES TO RADIANS
THETARL1 - THETAL1322

THETA2 THETAZ222

THETA3-THETA3222

DETERMINATION OF GEAR TRAIN CONSTANTS
TEST1*TRAN(THETAL)

TESTZ2=TAN(THETAZ)

TESTATAN(THETAI)
D1+ (CAPRB14RB2)ETAN(THETAY)
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] 127 D2« (CAPRB2+RBI)ETAN(THETAZ)
Y {gg: . D3« (CAPRB3+RB4)XTAN(THETAZ)
!i %g?g g DETERMINATION OF ERRLIEST AND LATEST POSSIBLE VALUES OF ALPHAS
1320 CALL ALFA (CAPRB!,RB2,THETAL,CAPROL,R02,AL1IN,ALLIFIN)
A 1330 CALL ALFA (CAPRB2,RB3.THETA2,CAPRO2,R03,AL2IN,ALEFIN)
} ;ggg ¢ CALL ALFA (CAPRB3,RB4,THETA3,CAPROI,RO04,ALIIN,ALIFIN)
» :ggg g INITIALIZATION OF ALPHAS
" 1380 ALPHAL «ALIIN+ (ALIFIN-ALIIN)S&JL
. 1390 ALPHAZ-ALCIN+ (AL2FIN-AL2IN)EJC
= i4?g ¢ ALFHA3=ALIIN+ ALIFIN-AL3IN)2J3
4
" 1420 C DATA FOR RUNGE KUTTA
- 1435 C
1440 PRMT(2)+18.
L 1450 PRMT(4)+ .04
) 1460 NDIMe2
N 1479 NDIM2e4
", 1489 PHI(1)sPHIDE22
1499 PHI(2).0.
- 1509 ¢
i 1510 C COUPLED MOTION
§5c0 C
1530 {1 PRMT(1)=TINME
1540 PRMT(3)a.0001
15S@ DPHMI(1)e .S
1569 DPHI(Z)=.5S
1570 IF (PHITOT.GY.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 2
1580 WRITE (6,42)
1590 2 CALL RKGS (PRMT,PHI,DPHI, ND1IM, IHLF,FCT,OUTP,AUX)
. 1600 IF (PRMT(S).EQ. 1.) GO TO et
- igég IF (PHITOT.GE,.PHICUTD) GO TO 21
N 1232 g TEST FOR ENTRANCE OR EXIT ACTION
. 164
e 1650 IF (G.LE.®.) GO TO &
e 1660 PHIDsPHI(1)722
. 1670 IF (PMID.LE.TANG) GO TO 3
1680 GO TO 4
1 1699 3 PHI(1)ePHI(1)1+DELTATZZENT
A 1700 PHIPR-PHI(1)/22
& 1710 PSIePSle2. 2Pl -LAMBDAS22
a0 1720 PSIC-PSICC+LAMBDAS22
) 1730 GO T0 S
id 1749 4 PHI(1)ePHI(1)-DELTRLZZA(NT+1.)
B 1759 PHIPR=PMI(1)/22
: 1760 PSlePSI~2.2P1+LAMBOARZZ
1779 PSIC-PSICC E
— 1780 € :
) 179¢ C FREE MOTION B
; 1800 C
< !JE&
‘_" "\\‘h
- DA
:_‘ RS
(J '_A}:.

T
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S PRMT(1)=TINME

X(31)1=PHI(1)

X(eYePHI(2)

X(3)=PS1

X(4)eDPST

PXx(1)-.25

Dx(2)s.25

Dx(3)+.25

DX(4)v.25

PRMT13)=.0001

IF (PHITOT.GT.3@..AND.PHITOT,LT.(PHICUTD-30.)) GO TO €
URITE (6,43)

CALL RKGS (PRMT,X,Dx,NDIMe,IMLF,FCTF,OUTPF,AUX2)
IF (PHITOT.GE.PHICUTD) GO TO 2}

PHIC1)eX(1)

PHI(2)eX(2)

He2.%(BXCOS(ALPHR)+AXCOS(PHI (1)-ALPHR))

o

K*AXA+BEIB+REN-CEC+2.SBIRXSIN(ALPHR)+2.3ASBICOS(PHI(1))-2.SAXRISIN(

{PHI(1)-ALPHR)
GONE»{ ~H+SORT (MXH-4.XK ) )2,
GTWQe (-H-SORT (HEH-4.2K))/2.
IF (ABS(GONE).LT.ABS(GTWO)) GO TO 7
GeGTWO
GO TO 8

7 G+GONE

8 PHIDPHIC(1)r22
If (GP.LT.Q@.)» GO TO 11
1F (PHID.LE.TANG) GO TO 8
GO0 TO 10

S PHI(1)«PHI(1)+DELTASZZINT
PHIPRsPHI(1)/22
PSleafFSle2.3P1-LAMBDASZZ
PSIC+PSICC+LAMBDAS2Z22Z
Gu TO S

1@ PHI(1)«PHI(1)-DELTARZZR(NT+1,)
PHIPRsPHI(1)/22
PSI+PSI-2.%P1+LAMBDARZZ
PSIC=PSICC
GO TO S

11 If (PRID.LE.TANG) GO TO 13

EXIT ACTION

COMPUTATION OF VELOCITIES UP AND VS FOR EXIT ACTION
AQNE~B2COS(ALPHR )+

DONE=C3COS(PHI(1)-ALPHR-PSI)

UP=DONESDPSI

USeAONESPHI(2)

IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 12
URITE (6,44) LP,US

EXIT ACTION TEST

12 1IF (PHI(2).GE.O..AND.DPS1.GE.S.) CO TO 15

o
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1F (PHI(2).GE.Q..AND,DPSI
1IF (PHI(2).GE.Q..AND.DPSI.
1F (PHI(2).GE.Q..AND.DPSI.
1F (PH1(2).LE.Q..AND,DPSI]
1F (PHI(2).LE.Q..AaND.LPSI
IF (PHIt2).LE.Q..AND,.DPSI
IF (PHI(2).LE.Q..AND.DPSI.

COMPUTATION OF VELOCITIES

+LE.9..AND.ABS(UP).GT.ABS(V

.GE.0..AND.ABS(UP).GT.ABS(V
.GE.0..AND.ABS(VUP).LT.ABS(V

PR R G S S IR T I M

S
LE.Q..AND.ABS(UP).LT.ABS (VS
LE.e..AND.aBs(UP).EO.aIS(ug
Vv
S

+GE.Q..AND.ABS(VUP).EQ.ABS(
LE. 9.1 GO TO S
UP AND VS FOR ENTRANCE ACTION

13 AONE «B2COS(ALPHR)+G

DONE +CECOS(PH] (1 )-ALPHR-PSI)
UP«DCHEADPST

US*RONEXPHI(2)

IF (PHITOT.GT.30..AND.PHITOT.
URITE (6,44) UP,VUS

ENTRANCE ACTION

(PHI(2).GE.Q..AND.DPSI.GE.
(PH](2).GE.9.,AND.DPSI.GE.
(PH](2).GE.Q..AND.DPSI . GE.
(PHI(2).LE.Q..AND.DPS].GE.
(PHI(2).GE.Q..AND.DPSI.LE.
(PHI(2).LE.O, .AND,DPSI.LE.
(PH](2).LE.Q..AND.DPSI.LE.
(PH]12).LE.9..AND,DPSI.LE.

IMPACT

14

LT.(PHICUTD-30.)) GO TO 314

0..AND.ABS(UP).GT.ABS(US))
9..AND.ABS(VP).EQ.ABS(VS))
0..AND.ABS(UP).LT.ABS(VUS))
) GO T0S

.} GO 10 1S

«.AND.ABS(VUP) . LT.ABS(VS))
..AND.ABS(UP).GT.QBS(U:))
. «R ))

]
]
]
]
0..AND.ABS(UP).EQ.ABS(V

1S CALL IMPACT (PHI(1),PH1(2),PSI,DPSI)

M2, 2 (BXCOS(ALPHR }+ASCOS(PHI(

KeAZI2+BIIR+REX2-CXI2+2. . 8BIRSSINCALPHR )42 . XRXBECOS(PHI(1))-2 . XA3RE

1SIN(PHI(1)1-ALPHR)
GONE» (-H+SQRT(MHX52-4.2XK)) /2.
GTWO(-H-SQRT(HRE2-4,.2X))/2.

1)-ALPHR))

1F (ABSIGONE).LT.ABS(GTWO)) GO TO 16

G-GTuwo
GO T0 17
G+GONE
CONTINUE

16
17

TEST FOR EXIT ACTION

PHIDPHI(1),22
IF (PHID.LE.TANG) GO TO 19

EXIT ACTION

COMPUTATION OF VELOCITIES VP
AQNE=BICOS (ALPKR)+C
DONE=CSCOS(PH]I(])-ALPHR-PS])
UP«DONERDPSI]

VUSAONEXPHI(2)

IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) 60 TO 18

AND VS FOR BOTTOM ACTION

65
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¢o T0 5
GO T0 15
GO T0 1
GO TQ 1S
}) GO T0 1
GO T0 S

GO 10 S
GO TO 1
GO0 TO 1S

GO T0S
GO0 T0 1S
GO T01
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WRITE (6,44) UP,US

. 18 IF(aBS(UP-us).1$.1.0) GO TO 1

¢ EXIT ACTION TESTS

c
IF (PHI(2).GE.®..AND.DPSI.GE.0.) GO TO 1
If (PRI12).CE.@..AND.DPSI.LE.8..AND.ABS(UP).GT.ABS(US)) GO TO §
IF (PHI(2).GE.®..AND.DPSI.LE.®..AND.ABS(UP).LT.ABS(US)) GO TO 1§
IF (PHI(2),LE.9..AND.DPS1.GT.0..AND.ABS(UP).LT.ABS(US)) GO TO ©
IF (PHI(2).LE.Q..AND.DPSI.GT.@..AND.ABS(UP).GT.ABS(US)) GO TO 1§
IF (PRI(2).LE.Q..AND.DPSI.LE.O.) GO 10 5

C

¢ COMPUTATION OF VELOCITIES UP AND US FOR ENTRANCE ACTION

C

19 AONE-RECOS(ALPHR)+G
DONE ¢ CZCOS (PRI (1)-ALPHR-PS] )
UP « DONE £DPS |
UssRONESPHI(2)
IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-3@.)) GO TO 20
WRITE 16,44) UP,US
cO IF(ABSIVP-US), LT.1.9) GO TO 1

C

c ENTRANCE ACTION TESTS

C

IF (PHI(2).GE.Q..AND.DPSI.GE.u..AND.ABS(VUP),(T.ABS(VUS)) GO T
IF (PHI(2).GE.Q..AND.DPS1.GE.Q..AND.ABS(UP).LT.ABSIUS)) T
IF (PHI(2).LE.Q..AND.LPSI.GE.Q.) GO TO S
[F (PHI(2).GE.Q..AND.DPS]I.LE.Q.) GO TO
iF (PHIt2) LE.®..ALD.DPST.LE.O. . AND.ABS(VP).GT.ABS(US)) GO TO 1
1F (PHI(2).LE.Q..AND.DPSI.LE.Q..AND.ABS(UP),LT,ABS(US)) GO TO S
el U?ITE(GéQS)F34HﬂX,FE3nﬁX,FlENRX,FF34HAX,FF23HAX,FF12HAX,PNHﬂX
ATR-TIN
URITE(6,75) RTH
?S FUPMAT(® THE S8A ARMS IN',2X,F6.3,2X,°*SECONDS.*)
ST0P

0
0

22 FORMAT (5F10.5)

23 FORMAT (1M1,5X,2HA«,F13.5,5X,2HB+,F13.5,5X,2HCs,F13.5,5X,2HR,F13.
15,5%, 6HALPHR® ,F9.4/)

24 FORMAT (3F10.5)

25 FORMAT (1M ,SX,6HERESTe,F5.2,3X, 7THLAMBDA,FB8.3,3X,6HDELTAS,FB.3/)

o6 FORMAT (SE12.5)

27 FORMAT (1K ,5X, 4MM{ =, E15.5,3X,4HM2 «,E£15.5,3X, 4HMI +,E15.5,3X, 4HN
14 « E£15.5,3X%, 4HMP « E15.5/)

28 FORMAT (iW ,5x,4MI1 = ,E15.5,3x,4H12 «,E£15.5,3X, 4K13 *,£159,5,3x%,4N]
14 + E15.5,3%, 4HIP +,E15.5/)

29 FORMAT (6F10.4/3F10.4)

30 FORMAT (BX,SHRCY » F7,.4, 3X, SHRCP =,F7.4, 3%, EHRMOP e F7.4,3X%,
13X, 7HPHILC =, F9.4, 3%, 8HPSICCD «,F9%4,3%, 6HPHID o,F9  4s/6X,
29HPHICUTD «,FE6.0/76X,4HMU «,FS,3, 3%, SHMUY «,F5,37)

31 FORMAT (3F10.4-6F10.0-6F10.5/3F10.4)

J2 FORMAT (4F1@.4)
33 FORMAT (EF10.5)
34 FORMAT (3F19.2)
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35 FORMAT (1H ,SX,8HPSUBDL «,F5.1,3X,8HPSUBD2 «,F5.1,3X, lHPSUlD3 * F§
1.1//6X,SHNGL o .F4.0,3X.CHNGC2 =.F4.@,3%,5HNG3 +,F4.0,3%,5kNP2 « Fa,
20, 3%, sunpa +,F4,0,3%,5KNP4 =, F4.8//6X,BHCAPRPL +,F8.5, 5x BHCAPRP2
3¢.78.6,3%,8HCAPRPI ».F8.5//6X,SHRP2 +.FB8.5,3X,5HRPI =.F8.5, 3X,SHRP
44 »,fF8. S/:ox BHTHETA! -, FB8.3, 3X BHTHETQE =,F8.3, 3%, 8HTHETA3 ., F8.3

)

Ss

37152RHA;7(2X,6HRH01 »,F7.5,3%X,6MRH02 «,F?.5,3X,6HRH02 = ,F7,5,3X,6HRH

=, F7.57)

38 FORMAT (£X,8MHCAPRBL +,F7.5,3%X,BMCAPRB2 »,F7.5,3X,8HCAPRBI +,F?7.5,3
1X,5HRB2 «,F7.5,3%X,5HRB3 «,F?7.5,3%,54RB4 «,F?7.57)

39 FCRMAT (6X,8HCAPROL «,F7.5,3X,BMCAPRO2 «,F7.5,3%,BHCAPRO3 «,F7.5,3
1X%,5HR02 +,F?7.5,3%X,5HR03 o, F7.5,3X,5HR04 «,F?.5/)

4@ FORMAT (1HO,SX,4HJ1 «,F4.2,3X,4KJ2 =,F4.2,3%X,4H]I *,F4.2/)

41 FORMAT (6X,8HBETALD «,F7.2,3X,BHBETACD =,F7.2,3X%,BHBETA3D »,F7.2,3
1X,8HBETAR4D -,r7.27)

42 FORMAT (]1HO,5X, 1 4HCOUPLED MOTION)

43 FORMAT (1HY,5X, 11MFREE MOTION//)

44 FORPMAT (4HOUP«,FB.3,3X,3HVU5-,F3.3)

45 FORMAT (1HO,6X, 3FJ4MAX 8, F6.2/1HO,6X, BF2IMAX 3 ,F6.271HO,6X,8F12
1rAX »1,F6.2/1H@,6X,8FFI4MAX +2,F6.2/1HO,6X,tFF23MAX X, F6.2/1HO,6X
LEFF1CMAX X ,F6.2/1H@,6X,3PNMAX X ,F6.27)

END

SUBROUTINE IMPACT (PHI,DPHI,PSI,T )

COMMON A,B,C,R,ALPHR,P1,22,M1,M2, n4,MP,11,12,13,14,1P,EREST, LAN
1BDA,DELTA, PHITOT,PHIPR, N4l ,N42 N4 1, OMEGA,O0M2,RC1,PHIIC,TEST],TESTR
2.TESTI,NG1,NG2,NG3I, NP2 NP3, NP4, CAPRR],CAPRB2, CAPRB],RB2,RB3,RB4, TH
3ETAL, THETA2, THETAJ, R ,R2,RI,R4,RS ,RHOL , RHO2, RH0O3, RHO4,RKOP, J1,J2,J
43,BETA1,BETAC,BETAD,BETA4,D01,02,03,4L1IN,ALIFIN,J,TANG,NT,
6AL2IN,AL2F IN,ALIIN,AL3FIN,ALPHAL, ALPHRZ ,ALPHAD, IN, T2, T3, T4, MU, MUY,
7RCP,PS1C,51,52,53,54,55,A1,A2,R3,DPHI2, DPSI2,F34NAX,F2IRRX,F 12MAX,
8FF 34MAX,FF2INAX,FF12MAX, PNNAX, PHICUTD,AA, AN, 56,57

REAL 11,12,13,14,1P,LANBDA,N41 N42,N4],15T0T7,K

ISTOT=14+11EN41IN41 o I2ENA2INA2+IILINGIASNA]

He2.2(B2COS{ALPHR)I+RECOS(PHI-ALPHR) )

KsAZ22+BIL2+R2¥2-CX32¢2.35SRISIN(ALPHR ) +2.2ARB3COS (PH] )-2. SASRESIN
1 (PHI-ALPHR)

GONE » (-H+SQRT(H2#2-4.3K)) /2.

GTYO s (-H-SORT(H322-4,23K) )2,

I1f 1ABS(GONE).LT.ABS(GTU0)) GO TO 1

1 G+GONE
2 AONE *B2COS(ALPHR)+G
DONE«CICOS(PHI ~ALPHR-PSI)
DPHIIN-DPHI
DPHI« (JPLAONERDPSI+ISTOTSDONESDPH] ¢« IPSAONESEREST/DONER(DPSISDUNE-D
1PHIZAONE ) )/ ( IPSAONESX2/DONE+ ISTOTSDONE )
DP51+ (DPHISAONC -ERESTE (DPSISDONE-DPHI INSAONE ) 3/ DONE
PHIDsPH1/22
PS1DePS1/22
IF (PHITOT.GT,.J0..AND.PHITOT.LT./PHICUTD-39.)) GO TO 3
WRITE (6,4)
WRITE (6,5) PHID,DPHI, PS1D,DPS],PHITOT
3 RETURN
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4040 ¢
4050 4 FORMAT (1MQ,S%,EHIMPACT)
4060 S FORMAT (1H®, 15X, 4HPHIs,F8.3, 3%, 7HPH[DOT« ,FB8.3,3X, 4HPS]+,FB. 3, 3X, 7H
4079 {P21DOTs,F8.3,3x, BHPHITOT «,F5.2) !
4080 END ’
4099 SUBROUTINE FCT (T,PHI,DPHI) '
4109 COMMON A,B,C,R,ALPHR,PI,ZZ,M1,N2,M3,M4,MP,11,12,13,1¢, IP,EREST, LAM .
4110 LEDA, DELTA, PHITOT, PHIPR,N41,N42,N43,0MEGA, OM2,RC1, PRI1C, TESTL, TEST? gg;J
4120 2,TESTI, NG1,NG2, NG, NP2, NP3, NP4, CAPRB1, CAPRAS, CHPRBI,RB2,RB3,RE4,TH RSGa
4130 3ETAL, THETAS, THETAI,R1,R2,R3, R4, RS, RHO1, RHO2, RHO I, RHO4, RHOP, J1, J2,J B
a14@ 43,BETA1,BETA2, BETAI,BETA4,D1,D2,03,AL1IN, ALIFIN, J, TANG ,NT TGN
4168 6AL2IN,AL2F IN,AL3IN, ALIF IN, ALPHAL, ALPHA2, ALPHA3, IN.T2, T3, T4, MU, Mut, "
4160 7RCP,PEIC, S1,52,53,54,55,A1,A2,43,DPHIZ, DPSI2, F 34MAX, FR3MAX, F 12MAX, SN
4170 8FF34Hm<,rFe:mAx,FF12nax,anx,PulcuTD,nn,aN.SS.57 SAOA
-~ 4189 DIMENSION PHI(2), DPHI(2) R
4190 REAL M1,M2,M3,M4,MP,11,12,13,14, 1P, T1R,N41,N42,N43, MU, MU1, IPR S
I 4200 PHID«PHI (11,22
; 4210 DELPHI-PHID-FHIPR
< 4220 PHIT«(PRITOT+DELPH] 222
- 4230 INs L
L 4249 ¢ALL KINEM (A,B,ALPHR,PHI,R,C,G,P,Q,5,GD0T,PSI, DPSI, AONE, BONE , CONE
. 4250 1,D0NE, U, U, 2)
- 4269 CALL GCURVE(T,RA,AN)
N 4279 Call IN3 (PHI,PHIT,DELPHI,GDOT,PSI,DPSE, AONE, BONE,CONE , DONE, AAL , AA
4280 12,AR3,RA4, ARS, ARG, AR7, AAB, ART,RA18,AA1 L, AAL2, AAL 3, AAL4,ARLS, AAL6, A
. 4290 2A17,RA18,AA19,AA2D, AA2Y, AAR2, RAR3, AAR 4, ARSS, RA2G6, AR2T, AARE, AR2T, AR
- 4300 330,AA31, ARI2,AA33, AR34, AR5, ARG, AA37,ARIE, AA3Y, AN40, AR4 ], AA4Z, AAY
. 43;@ ] 43,AA44,AA45,A046, AR4T,AR4E, AR4T, ARG, ARS 1, AAS2, ARSI )
- 4320
< 4330 CALL IN3R(APS4,ARSS, AASE, ARS?, CAPRB2, MU, RHOZ, ARG ,AASS,
. 4340 +51,52,A1,R2,56.57,AR49, ARS8 . AA4B, ARSZ, D1, RB2)
= 4350 IF (DPSI3DPSI2.GE.Q.) IPR~1P+AALS
P 4360 IF (DPS!3DPSI2.LT.0.) IPR-1P-AAILS
' 437 IF (PHI(233DPHI2.CE.@.) I1R+I11+ABS(MU)IIRHOIZ(AAID+AAII)
| 4380 IF (PH1(2)8DPHIZ,LT.0.) T1R=11-ABS(NU)ERHOIX(ARIO+ARI3)
- 4390 IF (I1R.LT.8.) [1R-@. .
. €400 IF (IPR.LT.0.) IPR-Q.
. 4410 ARGB«AAZS S IPRILU+AAL1314-AA113AA22/ (ARJAXAAM4RAAS4 )T (AA4TEAAS 7TENAL
4429 1SI1R+AA34LARS4I ] IINAI-AAS4LAA4T7S I 2EN42)
4430 AASTsAAL 4TAR2STULI2+RARS T IPRIV-AAL L IARZZEAAI7TEAA47IANS 7INA1 332
4449 +/{AAJ4TAA443AAG4)
. 4450 ARG -AAL 1 BAR22” (AR343AR44SAAG4 )X (AAISTAA47SANG 7-ARI4BAA 4 7TLARGS -
. 4460 1AA J4XAAAS EAAS 4 ) +AAT 1EAR2 T+ AAL2XAARS -AR2SSMPIRCPESINIPST+PSIC)E
|| 4479 2SIN(BETA4 ) +RARSIMPXRCPICOS (PSI+PSIC)IXCOS (BETA4 )
4480 RAB]1 *AAL 1 ERA22/ (AA34XAA442AAS AT (AAJETARAT7SARS T-AA34SAA47SAAGE-
- 4499 1RAJ43RA46TAASH)I+AAL1SRAL4+AALIXTARLS-RALSIMPEIRCPESIN(PSI +PSIC )X
- 4500 2COS(BETA4)-AA2SIMPERCREICOS(PST+PSIC TS IN(BETA4)
< 4510 DPHI (1 )=PHI(2)
- 4520 DPHI (2)= (-AASIIPHI (21352 +AAGASAA+ARGLBAN ) /AASE
- 4539 RE TURN
4549 END
L 4550 SUBROUTINE OUTP (T,PHI,DPHI, IHLF,NDIN,PRNT)
™ 4569 REAL M1,M2,M3, M4, M0, 11,12,13,14,1P, 11R, M43, N42, M43, 0, ML, IPR
- 4570 DIMENSION PHI(2), DPHI(2), PRAT(S)
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COMNON A,B,C,R,ALPHR,PI1,2Z, M1 M2, M3, M4 MP, 1L,12,13,14,1P,EREST,LAM
18BDA, DELTA PH‘TOT PHIPR N4l N42 N41 O”Euh ome RCI PHILC TEST! TESTa
2, TE:T3 th NGe, NG3 NP2.NPI,NP4,CAPRBI, CAPRBZ, CAPRBJ RBa RB3, RB4 TH
JET21 TNETna THETQ3 R, Re, Q] R4,RS, RHC1 RMO2, RHO3 RHO4 RHOP Jl JB J
43, BETﬂx BETae BETA3 BETﬂd bi,D2, D3, ALLIN, ALIFIN, J, TANG, NT,

GALalN Al2FIN, ALIIN, AL3FIN QLPHG' ka~e ALPHAY, IN,T2,T3, T4 ,RU, MU,
?RCP, p»xc $1,S2,53, 94 S5,A1,A2,A3,DPHIE, DPsxa Faamax, r23nnx ernax
8FF34HAY FF&JHhx FF1eﬂAx PNHQX PH’CUTD AA aN, 56 s7?

COMMON ~ZETAs PS1,TIME,G ,DPS1.,GP

PHID-PHl(!)/ZZ

DELPHI«PHID-PHIPR

PHIPRePHID

PHITOT+PHITOT+DELPH]

PHITPHITOTRZZ

INeQ

CaLl XINEM (A, B,ALPHR,PHI,R,C,G,P,0,5,6D0T,PS],DPST,AONE , BONE , CONE
f,DONE, U, U, )

kALL ULURUE(T ARLAN)

CALL INJ (PHI, PHIT DELPHI,GDOT,PSI,DPST,AONE,BONE , CONE, DONE,RAL, a4
12,An3, 074,805,846, nn? AAB,AAT,RAL1Q,AALL1,AARL12,AAL13,RAL4,AARILS, Anls A
aA1. AALB 9919 AR23 naex nnaa AQBJ anad aaas GAEG RQE? anes ﬂAEQ AR
330,»&31 Aaja na33 A934 AR3S AA36 RA37 Aaja AA39,AA40Q,AR4], na42 AA4
43, And4, AR4S AR46,RA47, ﬁﬁ48 Rﬂ49 QASO ARS1, AASE GRSB)

CALL IN3A(AARS4,ANSS, ARSE,ANS T, CAPRB2, MY, RHO2,AAS] , ARSI,
+51,52,A1,A2,56,57, hﬁ49 AQSO 0948 ARSE Dt, RB2)

IF (DPSISDPSI2.GE.Q.) IPR-1P+AAIS

1F (DPSItDPSI2.LT.8.) IPReIP-AALS

1F (PHI(2)IDFHIZ.CE.®.) 11R=]114ABS(MUIIRHO1B(AR3D+AA3T)

1F (PHI(2)¥LPHI2.LT,.0.) [iR<I1-ABS(MUIIRHO12(AA3R@+AA3T)

IF (11R.LT.0.) 1iR-9Q.

IF (IPR.LT.0.) 1PR-Q.

AASBsAARRCT[PRIVFAARLLIET 4-AN11XAAZ2 7 (ARJALRRA4IAAS 4 )X(ANA7SAASTING]
L2 IIR+AA34TAASALTIINGI-AAI4ZAA4TEII2ENAD)

ARS9=AR 1 42AAC5LULIC+ARSSEIPRIV-AAL 1 BAACCEAAITEAR4 7TSARG7ENS 1232
+/(HA34TARM4IAAE4)

ARBO*AN1 I TARACC/ (ARI4LARA4XAASA )2 (AAISIARAT7IAAS7-AAI4IAA4TEAASS
fAAJALAR45LAASY ) +ARL L EAR2I+AA122HARE -AASEMPEIRCPIS IN(PSI+PSIC)S
CSINIBETA4)+AALSEMPIRCPECOS (PSI+PSIC ISC0S(BETA4)

ARGL=AA112ARZ227 (RASIXAA44ZAASE IS (AAIETNA4TEAAS? -AAJ4TAAR473AAS 6~
1AA3AXARMEIAASA I +RAL1ISAACH+ANI ITAASS -AARSEMPIRCPES IN(PSI+PSIC)Z
2COS(BETA4)-AA2SEMPIRCPICOS(PSIVPSICISSINIBETAY)

DPHIZ =+ (-AASIIPH] (2 )82 +AREOTARGAAG 1 TAN )/ AASE

DPS12°UXDPHIS+JSPHI (2)8PKI(2)

COMPUTATION OF COMTACT FORCES

Fl4:1/(AAI4TAA44TAA54 )X (AAISIAAE73AAS7-RAIMIAAL T EAASS ~AATLLAALGE
1AA54)8AN+ (AAZEIAAMTIRAS7-ART4ZAR472AASE~AAI4AIAAME KAASH ) XANSAART 7L
SAA4TEAASTINALSESIPHI (2 )SPHI (2)+(AA47EAAS 7XNA I E] IR4AA34BAAS 481 IXN43
I-AAJ4BAA4T7SI2IN42 ISDPHLR)

F23s (ARA4IFIL+ARASSAAGAALESAN-[IENAISDPHI2 )/ AA47?

F12°(ARSAIF2I+AASSTAASAASEEAN+ [2INARLDPH]I2) /AR5 7

IF (FI4.GT.FI4MAX] FIAMAXCF I4
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c29¢
S3ee
5310
5320
530
S34e
S350

IF (F23.GT.F23MAX) F23MAX«F23

IF (Fl2.GQY.F:2MAax) Fl1eMAXsFig

PHe (~J43DPHIC+ARSLF 34+40A232AA+AA24EAN ) /ARSS
PNFSI«([PR2IDPSIC+AA14XDPSIADPSI-AR123AR-AR1 IZANSNPXRCP R (AAX(SIN(
1PSI+PSIC)ISSIN(BETA4)-COS(PSTI+PSICIRCOS(BETA4) I+ANS(SIN(PSI+PSIC)X
SCOS(BETA4)+CCS(PSI+PSICIXSIN(BETAR4))))/RALL

IF (PN.GT.PNMAX) PNMAX*FN

TEST FOR CONTINUATION OF COUPLED MOTION

IF C.NOT.(G.LT.Q..AND.PN.GT.0.)) PRAT(S)=2,
URITE OUTPUT

PSIDPSI 22

IF1J.€Q.J-10002100Q) GO TO S@
IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 1

S0 URITE i5,2) T,PHID,PHI(2),6,GD0T,PSID,DPSI,PHITOT,F34,F23,F12,PN,P

INPST,DPH]C
1 TIMEST
JeJ+}
IFCPHITOT.GE.PHICUTD) PRAT(S) 1,
RETURN

2 FOPMAT (6X,3HT »,FB.5,3X,SHPHI +,F7.2,3X,8HPHIDOT «,F?.2,3%,3HC e,
1F6.4,3X,6HGDOT » ,F5.2,3%X,EHPSID »,F?7.2,3X,8HPSIDOT e,F8.2,3X, BHPHI
2TOT +,F9.2/20X,5HF34 «,F9.4,3X,5HF23 »,F9.4,3X,SHF12 «,F9.4,3X%, 4HP
sg B,F:a.4,3x,7npnpsx «,Fi0.4,3%, 7HDPHIZ »,E12.4)

N

SUBRCUTINE FCTF (T,X,DX)

COMMCN A, B,C,R,ALPHR,P1,22,M1,M2,M3, M4, MP,13,12,13,14,1P,EREST, LAN
1BDA, DELTA,PHITOT ,PHIPR, N4],N42,N43,0MEGA, OM2,RC1,PHILIC,TEST], TEST2
2,TESTI,NG1,NG2,NG3, NP2, NP3, NP4, CAPRB1,CAPRB2, CAPRB3,RB2,RB3,RB4, TH
3ETA1,THETAS, THETA3,R1,R2,R3,R4,RS ,RHO 1, RHO2, RHO3, RHO4,RHOP , J1,J2, J
43,BETHI , ETA2, BETAJ,BETA4,D1,D2,D3,ALLIN,ALIFIN,J, TANG,NT,

6RL2IN, ALeF IN,ALIIN, ALIF IN,ALPHAL ,ALPHAZ, ALPHAD, IN, T2, T3, T4, MU, MUY,

?RCP,PSIC,S51,52,93,54,55,R1,A2,A3,DPHIZ, DPS12,F34MAX, FR2IMAX,F12MAX,
BFF 34MAX,FF23MuX,FF12MAaX, PNMAX ,PH]ICUTD,AR,AN,56,57

DIMENSION X(4), DX(4)

COMMON +2ETA/ PS],TIME,G,DPSL,GP

?ERL M1,M2,M3,M4,MP, 11,12,13,14,1PR,11R, MU, MUL,NAL, N42, N4T,
*

PHID=X(1)r22

DELPHI+PHID-PHIFPR

?HIT-(PHITOTODELPHI)IZZ

Nel

CALL GCURVE(T,AR,AN)

CALL INJ (X ,PHIT,DELPHI,Q.,X(3),x(4),0.,0.,0.,0.,AR1,AA2,AA3,AA4, A
$A5, ARG, AR7, AAB,AAD ,RALD,AAL11,AR12,AR13,ARL4,AA15,AAL16,AAL7, A8, AR
219,AA20,AA21,AR22,AA23, AAR4,AARS ,AR2E,AACT, MLB, AR2D, AA3E, AMR31, AAD
32,RAA33,AA34,ARIS,AR3E, ARI7,ARIE,AAIY, AA49, AA41, AA4C, AR4] , AN44  AA4S
4,PA46,AR47 ,AA4E ,AR4S ,AMNE0,ANS ], AAS2, AR5 T)

CALL INJR (ARS4,AASS,AMEE, ANS7, CAPRIZ, MU, RHO2,AA51, AMS],
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o) s LR

be $680  +51,52,A1,A2,56,57,AR49,AAS0, AN4B, ARS2, D1 RB2)
o~ €700 IF (N(4)EDPS12.GE.0.) IPR=IP+AALS
-t 5710 IF (X (4)EDPSIE.LT.0.) IPR=]P-AALS
. €720 IF «X12xDPHI2.GE.B.) I1R=11+ABS(MUIZRHO1E(ARIG+AAIT
. 5730 IF (X(2)8DPHI2.LT.0.) J1R=]1-ABS (MU IZRHOIZ(RAIP+ARAI3)
5740 1IF (11R.LT.9.) [1R-0.
s7co IF (1PR.LT.0.) IFR-®.
- 760 If (IPR.EG.Q.) RITE (6,1)
.. 577 ARBOsAAL 1 1RA22/ (RA34XAA448AASA I X (AAISIAAR4 PTARS ?-A9I4RAA473AA5S -
e §7S0 +AA34LAAISINAS A ) +AAL 1 IRAZI+AARICEAARCG-AACSIMPIRCPESINI(PS I «PSICHX
> 5790 +SINCBETA4)4AA2SEMPIRCPRCOS (PSI+PSIC 13COS(BETRY)
Ry 5800 AABT«ANT 1 8AR22. (AA34SAA44RAAS 4 ) K (ARG LARAI PTARS 7-AAT4TAA47LAASE -
- 58190 +ARIITARI68AAC Y 1 +RAL 1 TARL4 1 AAL3EAARSS-AARZSEMPIRCPISIN(PSI+PSIC)x
vy gsee +COSIBETR4)-ARSSIMPIRCPECOS (PSI+PSICIRSIN(RETA4)
5830 ANBZe IPR
5840 KA AN 2-MPEIRCPE(SIN(PSI+PSICIZSIN(BETA4)I~-COSIPSI+PSIC )I3COS(
S 585¢ 1RETA4))
o CE60 ARG4+AR13-MPEIRCPE(SIN(PSI+PSIC)ILCOS(BETA4)-COS(PSI+PSIC IRSIN(
< 5870 1EETR4 )
. S880 ARES« [4-ANC2/ (ARJAZNA44EAAS 41X (AA4TEAAS7IN413] IR+AA34TARSAX ] AIN4D
. 5890 1-RAJ4EAR47E] 21N42)

o
n
©0
<>
<

AABE* —ARCCIRAI7TAR47EAAS7IN41332/ (AAJ43AA443RA54)

-

-, S9ie ARG 7 AA22/ (ARJATAR442AASH ) S (ARIS SAR47SAAS 7 -ARI4IRA471AASS-AA34S
5920 1RA451AG54)+AA2I
ekl AREBAR22. LAAJ4IAR442ARS 4 )X ARG EAALTXAAST7-ARI4EAA473AASE-AAJ4E
. 5940 1AR46IRAS 4 )+AAR4Y
. 5950 Dx(1)sx(g)
- 6960 DX13)=X(4)
- s97e DX(2)+ i ARE77RAIAREESIAN-RAGEEIX(2)XL2)/AAES
T 5980 DX (41+ (ARBILAA+ARELEAN-AR142X(4)X22 ) /AA62
c. 5990 RETURN
ia 6000 C
Il 6010 C
_ gggg } EOgHQT 49HOIPR EQUALS ZERQ -~ SIMULATION TEFMINATED)
[ N
[ 604¢C SUBROUTINE QUTPF (T,X,DX, INLF,NDIM,PRMT)
& 6059 CCMMON A,B,C,R,ALPHR,PI,2Z M1, M2, M3, Me, NP, 11,12,13,14,1P,EREST, LAN
b 6960 15DA,DELTA,PHITOT,PHIPR, N41,N42,N43,0MEGA,OME,RCY1 ,PHILIC,TESTL,TEST2
t: 6070 2,TEST3,NG1,NGE,NG3, NP2 ,NPI, NP4, CAPRBY ,CAPRB2,CAPRB],RB2,RE3,RB4, TH
- 6080 3ETAL, THETAS, THETA3,R1,Re,RI,R4,RS, RHO1, RHO2 ,RHO3, RHO4 ,RHOP, J1,J2,)
o 6090 43,B8ETA1 ,BETA2,BETAI,BETA4,D1,02,03,ALLIN, ALLIFIN,J, TANG,NT,
6100 6AL2IN,ALSFIN,ALIIN,ALIFIN,ALPHAL ,ALPHAZ ,ALPHAI, IN,T2,73, T4, MU, MUL,
6110 7RCP,PS1C,51,52,53,54,55,a1,A2,R3,DPHI2, DPSI2,F34MAX,FE3MAX, F12MAX,
6120 BFF 3J4MAX, FFR23MAX,FF12MAX, PNMAX PHICUTD, AR, AN,56,57
6130 REAL 1,M2,M3,M4,MP,11,52,13,14,1P,11R, N41,N42,n43,MU, MUL,IPR
6149 DIMENSION X(4), DX(4), PRMT(S5)
6150 COMMON /2ETA/ PSI,TIME,G,DPS1,CP
6160 PHIDeX(1),22
6170 PSID=%(J1/22
6180 DELPHI «PHID-PH]IPR
6190 PHITOT«PMITOTeDELPHI]
62060 PHITePHITOTEZ2Z
6210 PHIPRePHID
6229

IN<O
623 CALL GCURVE(T,AA,AN)
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1

CALL IN3 'X,PHIT,DELPHI,O.,X(3),%X(4),0.,0.,0,,0.,AR1,AR2,AA3,AA4, A
1AS,AA6,RAT, RAB, ARG, ARLID, AR ,ARIZ,ARA13,AR14,AA15,AA16,AA17,RA18,AR
219,AR20,AR21,AR22 ,RA23 RALH,AACS ,RACH,RR27,RALE,RACY,RA3D,RA3L ,AR]
32,AA33,AA34,AA35,AA36,0A37,AR38,AA39,AA40,AALL,AR42 ,AR4 3, AR4 4, A4S
4,RA46,AK47,AA48,AR49,AA50,AA5L , ARS2,RAST)

CALL IN3A (AAS4,ARSS5,AAS6,ARS?,CAPRB2,MU,RHOC,ARSE,AARST,
+51,52,A1,R2,56,57,AA49,RA50,RA48,AA52, D1 ,RB2)

IF (X(4)3DPS12.GE.Q.) IPR=]P+RA1S

IF (X(4)3DPS]2.LT.9.) IPR=]P-AAL1S

IF (X(2)XDPHI2.GE.Q.) [IR=11+ABS(NUISRHO1S(AA3R+AAIT)

IF (X2 $DPPHI2.LT.0.) J1R«11-ABS(MU)IERHO13(AA3B+AAIZ)

IF t11IR.LT.9.) 11Re0.

1f (IPR.LT.®.) IPR=Q.

RAGY*AAL 1 EAA22/ (RA34ZAA44TANS 4 IS (AR3SSAR47ERAS 7-ARI2AA472AASS ~
+AA34EARISEAAS 4 ) +RAL 1 RAARC I+AR I CKAALCS-ARSSIMPIRCPESIN(PST+PSIC X
+SINI(BETR4)+AACSEMPKRCPXCOS(PSI+PSIC)IZCOS(BETAL)

RAG1*AA11EARA22/ (RA3Z4SAR44KARS Y )X (RA36SAR47EAAS7-RAI4XAA47XRASE -
+NA34TALI6EAAS4 ) +AAL 1 SAAC4+AR13XAACS-AARSIMPIRCPESIN(PSI+PSIC )X
+COSIBETR4)-AACSEMPEIRCPECOS(PSI+PSICISSIN(BETAY)

RABZ « IPR

RAGI*ARL2-MPERCPE(SIN(PS] ¢PSICIXSIN(BETR4)-COS(PSI+PSIC)IXCOS(BETA4

1)

1
HAG4-AALI-MPERCPE(SIN(PST¢PSIC)ISCOS(BETA4)-COS(PSI+PSIC)IXSIN(BETAY
1))

AAB5* 14-ARC2/ (PRI4XARL4EARS A IS (AR47TIAAS7ING13 I 1R+AAI4RARS 481 32N4]
1-AR34TAR47X [ 2EN42)

ARGG = ~AR2SAAITIARMTIAAS 7EN41122/ (ARI4XAAL4XAASY)

ARG7=ARC2 - (AAJ4SAA443AAS4 1S (AAISSAA47SAAS T-ARI4SAA47TEAASS-AA4
1ARMSEALS 4 ) +AAR23

AAREB*ARZ2/ LAAJ4SARA44SAAS 4 )X (ARIEIAA4T73ARS 7-AAJ4ZAR47EARSE-AA34L
1AR468AAC 4 )+AA24

PS1-X(3)

DPS1=X(4)

DPHIZ+ (-RABEBIX(2)XX(2)+AAG7EAA+AAGEIAN ) 7AAES
DPSI2=(-AA14EX(4)XX(4)+AAEITAN+AAGAZAN ) /ARG

COMPUTATION OF CONTACT FORCES

FF34=(]43DPHI2-AA2IZAA+ANZ4SAN ) /AA2E

FF23= (AR44XFF34+AA4SEAR+ARAGLAN-1 JEN4ILDPH] 2 ) 7AA47
FF1C=(AAS4IFF2I+AASSEAA+AASEEANT [2EN42XDPHI 2 )/ AAS?

IF (FF34.GT.FFI4MAX) FFI4MAX-FF 34

IF (FF23.GT.FF23MAX) FF2INAXFF23

1F (FF12.GT.FF12MAX) FF12MAXFF 12

1F(J.€G.J/100921009) GO TO SO

IF (PHITOT.GT.39..AND.PHITOT,.LT.(PHICUTD-39.)) GO TO 1

50 URITE (6,4) T,PHID,X(2),PSID,x(4),PRITOT,FF12,FF23,FFI4

IF (T.EQ.TIME) GO T6 3

JeJoi
CHECK FOR CONTINUED FREE MOTION

.
S

2y
PGS

kel ALARENS
N VRN Y X

v

OMPCPLI N
A e
o5
\

1
D

.

ad
o te t

2 P

)
L]

f ,’:,".: )

s,

4wt

L -




6970
6980

7010
7020
7039
7040
7050
7060
7070
7080
7090
7100
7110
7120
7130
7140
7150
7160
7170
7180
7199
7200
7210
7220
7230
7249
7250
7260
7270
728¢

4

-~ W

FeAXSIN(N(1)-ALPHR)-BASIN(ALPHR)-CXSIN(X(1)-ALPHR-PS] )-R
CPeC3C05(X(1)1-ALPHR-PST )-BXCOS (ALPHR )-ARCOS(X(1)-ALPHR)
IF (F.GT.0.) GO TO 2 -
PRMT(5)-2.

GO T0 3

IF (GP.GT.0.) PRAT(S)-2.

TIME-T
IF (PHITOT.GE.PHICUTD) PRNT(5)e1,
RETJURN

FORMAT (6X,3HT «,F8.5,3X,5HPH] o,F7.2,3%,8KPHIDOT o F?.2,3X,SHPST
1+.F7.2,3%,BHPSIDOT =, FB.2,3X, BHPHITOT «,F9.2/20X,6HFF12 «,F7.3,3X,
eg:graa  £2.3,3X,6HFF34 =,F7.3)

SUBROUTINE KINEM (A,B,ALPHR,PHI,R,C,G,P,0,$,GDOT,PSI,DPSI, AONE, BON
1€ CONE, DONE, U, U, 2)

DIMENSION PHI(2)

REL K

PI=3.14159

He2.t(BXCOS(ALPHR )+AXCOS(PHI(1 )-ALPHR)®

K'QIRQBXB0R1R-CIC02.IﬂtﬂlSlN(ﬁLPHR)Oa.XAtBXCOS(PHI(l))-E.lAXR!SlN(
1PHI(1)~-ALPHR)

GONE*(-H+SQGRT(HEH-4 XK ) )2,

CTWO(-H-GSORT(HEH-4.2K))/2.

IF (ABSIGONE).LT.ABS(GTWO)) GO TO 1

GsGTUO

GO TO 2

G+ CONE <

PeBESIN(PHIC(1))+G3SIN(PHI(1)-ALPHR )+R2COS(PHI(1)-ALPHR) E_:

O*BECOSIPHI(1))1+GCSCOSIPHI(1)-ALPHR)=RESIN(PHI(])-ALPHR) Yy

SeG+BICOS (ALPHR ) +A2COS5 (PHI {1 )-ALPHR) ey
GDOT+PHI(2)XA8P/S Sy

N\

l “‘ * ‘l."'l .r'.'.

| oK

PSIeRSIN(P/C) P ’
1IF (PS1.LT.0.) GO T0 3 o
GO TO 4 ')‘ ,
PS12.3P1-ABS(PSI) H
DPSI+(QEPHI(2)+¢GDOTASIN(PHI(1)-ALPHR) )/ (CXCOS(PST))
AONE*BSCOS(ALPHR) +(

BONE*B3SIN(ALFHR)

CONE=-(R+C3SIN(PHI({)-ALPHR-PS]))

DONE-C3COS (PH]I(1)-ALPHR-PS]) .

2= (Q+AIP/SESIN(PHI(1)-ALPHR) )/ (C2COS(PSI))

Ue (QrSIN(PHI(1)-ALPHR YSPEXA/S)/ (CXCOS(PST))

Ue (Q+AIPXSIN(PHI (1 })-ALPHR)/S )E2B23TAN(PS] 1/ (C2222(COS(FSI)IER2)4(1,
1/(CECOS(PSI)))Z(2,SASPECOS(PHI (1 )-ALPHR)/5-P42.SASS2SPR(SIN(PHI (1)
2-ALPHR))IZ12/53224AZ02S IN(PHI(1)~ALPHR )/S-ARS2EPES2BS IN(PHI(1)-ALPH

3R)/5513)
RE TURN
END
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SUBROUTINE IN3J (222,PHIT,DELPHI,GDOT,PSI,DPST,AONE, BONE, CONE, DONE,
1401 ,AR2,ARI, AA4,ARS , ARG, AA?, AR, ARY,AAL1Q,AR1L,AALIE,RALI,AARL4,AALS,
2RA16,RAL17,AA18,AA19, ARRD, AR21,RA22,AA23,AR24,ARRS ,AA26,RAR7,RA2E, A
3A29,AR3Q,AA3L,ARI2,AAII,ARIY,RA3S,AA36,RAI37,RAIB, AARID, AA4D,AA4] ,AA
442,AA43,RAR44,AAR45,AR46,AR47,AR48,A49,AA50,ARS ] ,ARS2,ARS 3)

DIMENSION 222(4)

COMMON A,B,C,R,ALPHR,P1,22,M1 M2, M3, M4, MP,T1,12,13,14,IP,EREST,LAM
1BDA,DELTA,PHITOT,PHIPR, N4 ,N42,N43,0MEGA,0N2,RCY,PHIIC,TESTY,TEST2
2,TEST3,NGL, NG ,NG3, NP2, NP3 NP4, CAPRBL , CAPRB2,CAPRB3,RB2 ,RB3,RB4,TH
3ETA1, THETAZ, THETA3, R1.R2,R3, R4-RS,RHO1, RHO2, RHO3, RHO4, RHOP, J1, 48, J
43,BETAL,BETA2,BETRI,BETA4,D1,D2,03,AL1TN,ALIFIN,J, TANG,NT,
GALEIN.QLEFIN.AL3IN,AL3FIN,RLPHA!,ALPHAB,ALPHA3,iN,TZ,T3,T4,HU,NUl,
PRCP,PS1C,51,52.53,54,55,A1,R2,A3,DPHI2,DPSIc, FI4MAX, F23RAX,F 12MAX,
BFF 34MAX,FF23MAX, FF 1 2MAX, PNPAX, PHICUTD,AA,AN,S€,57

REAL Nl,HE,HJ,H4,HP,HU,HU1,NQI,N‘E,N43,Il,llR

PHI=222(1)

DPHI=222:2)

1f (DPHI.EG.8.) GO TO 1

MU*ABS (MU)IXDPH]I/ABS(DPHI )

If (IN.EO.@) GO TO 2

UPDATE UVALUES QOF ALPHRS

DELAL3-DELPHIXZ22
DELAL2-DELALIZRBI/CAPRBZ
DELAL1<DELAL2XRB2/CAPRBL
ALPHAlsALPHA1+DELALL

ALPHAC «ALPHAC+DELALE
ALPHA3-ALPHAI+DELALD

1IF (ALPHAL.GT.ALIFIN) ALPHAL-AL1IN
IF (ALPHAZ2.GT.AL2FIN) ALPHAZ-ALZIN
1IF (ALPHA3.GT.ALIFIN) ALPHA3-ALIIN

DETERMINATION OF SIGNUMS

IF (ALPHAL . LT.TESTL) Sle1,

IFf (ALPHAZ2.LT.TEST2) Spel.

IF (ALPHAZ, LT.TEST3) S3ef.

IF (ALPHA1.GT.TESTL) Sie-1.

1F (ALPHAZ.GT.TEST2) S2e-1.

1F (ALPHA3.GT.TESTI) S3e-3,

IF (ALPHAL.EQ.TEST1) Sie0.

IF (ALPHAZ.EQ.TEST2) S

IF (ALPHARI.EQ.TESTI) 539,

IF (GDOT.NE.8.) GO TO 3

S4e.

GO TO 4

$4«GDOT/ABS(GDOT)

é; (DPSI.NE.©.) GO TO S
],

G0 TO 6
$5«DPSI/ABS(DPSY)
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7810 6 IF (AA.NE.0.) GO TO 7

7820 S6e1, LN
7830 GO0 TO 8 ]
7840 ? S6+-(AR/ARS(AR)) I
7850 8 IF(AN.NE.®.) GO 10 § LY
7860 $7e1. —
7870 CO TO 10 =
7880 9 S7a-(AN/ABS(AN)) Ll
7890 10 CONTINUE Ay
7909 ¢ ;.vua
2910 ¢ Sl
7920 ¢ COMPUTATION OF A1,R2 AND A3 p-'g
7930 ¢ "L
7949 C ¢y
7950 Al «ALPHA1TCAPRBY e
7969 A2-ALPHATCAPRD2

7970 AJ+ALPHAJILCAPRND

7980 DENON=1, +MUSMU

7990 DENONL 1. +MULIMUL

8002 P1+3.14159

geie ¢

gggg g COMPUTATION OF ARl TO AAS?

8040 AAL=ABS((MUIZ(54-55 )IZSIN(PHI-nLPHR )~ (1. +545552MU188U1 ) 8COS (PHI-ALP

8050 1HR ) ) /DENOMY )

8069 AARsABS (MPE(CQS(BETA4)-MULESSESINCBE . R<4) 1 )/DENOML

ge7e AAJ«ALS(MPE(SIN(BETA4)-MU{2552COS(BETA4) ) )/DENOM]

gose AR4=ABS((MPERCPE(SINIPST+PSIC)-RUL12552COS{PSI+PSIC)))/DENONT)

ge9e AAS=ARS ( (MPERCPE(COS(PSI+PSIC ) +MU13SSESINCPSTI+PSIC) ) )/DENOML Y

8100 ARG« ABSL(MULE(S4-55)2COS(PH]I~ALPHR )¢ (1. +S435SEMULERUL )SSIN(PHI-ALP .
811e@ 1HR ) )/DENOMYL ) I
8120 AR7*ABS (NP (MUL8S58COS(BETA4)+SIN(BETA4 ) ) )/ DENOMI A
8130 ARG *ABS (MPE(MULESSISIN(BETA4 )+COS(BETA4) ) )/ DENOMY Be e
8140 AA9=ABS ((MPERCPX(COS(PSI+PSIC)I+MUIZSSESIN(PSI+PSIC)))/DENOMT ) -
8150 ARLB* ABS((MPXRCPX(SIN(PSI+PSIC)-MULIXSSECOS(PSI+PSIC)))/7DENONT ) iy
8160 AA1 1 *DONE+CONESNUL3S4-RHOPINUL X558 (RAL+AAG ) P
817¢ AA12+56 SRHOPEMULESSE(AA2+AA? ) Pl
8180 AAL3+S7ERHOPEMUL XSS R (AAI+AAS )

8190 RAL4=RHOPIMUL 255X (AA4+AAY)

g20e@ AR1S-RHOPIMUL S (AAS+AAL )

8210 AALE=ABS((-(MU1XS4~MU)ISSINI(PHI-ALPHR+BETA4 )21, +MUSMUL XS4 )ECOS (PHI

8220 1-ALPHR+BETA4 ) )/ DENOM)

8230 AAL7.ABS (MU (1.-53)2SIN(BETRI4THETAZ )+ (1. +MULMULS3)XCOS (BETAT+THE

g8c 4@ 1TA3))/DENON) T
82se AR18sABS (M4 /DEMOM) RS
8260 AA19+ABS(MUEN4/DENON) et
geve AARO-ABS(((1.+MUERUIXS4 )ZSIN(PHI-ALPHR*BETA4) ¢ (S4XMUL-RU)2COS (PHI- hSIC
8280 1ALPHR+BETA4 ) ) /DENON) Gy
8290 AA21 *ABS( (- (1.4MURMUSSI)IZSIN(BETAI+THETAS ) +MUS(1.-53)8COS(BETAI+TH et
8300 1ETA3))/DENOM) A
8310 AA22°RB4-MUS(SIT(DI-AI ) vRHOAZ (AALT7¢AARL )) ane et
8326 AA2IMUSRHO4SSET(AAIB+ANLD) e
8330 AA24RUSRHOMESTE(ARIS+ANLD) o
8340 AAZS » AONE * KOME ST 1 8 S4+MUSRHO4E (AA16+AARS ) e

8359 AR2E-ABS((MUS(L . +S1RSIN(DETALSTHETAL )= (1. -MUSMULSE )SCOS(BETAL+THE R
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1TALl))/DENOM)

RA27=ABS (M1 DENOM)

ARSB=ABS (M1XMU/DENON)

‘8229'ﬁ35((HilRClt(HU!COS(PHI1C0PHIT!N41)OSIN(PH11C0N413PHIT)))/DEN
)

‘SG?O'QBS((Hl!RClt(COS(PHIlC*N41!PHIT)—HU!S!N(PHIIC*N41!PHIT)J)/DEN

?nalsﬂggééki.-nutnutsx)tSIN(BETﬁ:&THCTax)onUt(l-‘St)tCOS(DETAlo?HE
1TAL) )/ )
AA32-ABS((MIERCIL(COS(PHIICHNALISPHIT ) -MURSIN(PHIIC+NAL1SPHIT) ) )/DEN
10M)

AA3I*ABS ((MITRCIZ(SIN(PHIIC+NALISPHIT)I+NUSCOS(PHILC+N412PHIT) ) )/DEN
10M)

NAJ4-CAPRBL-MUXRS12A1 +MUSRHOL1 2 (AA2E6+AA3L )
AA3S*SGIMUIRHOL B (RA27+ARCE ) *MIXRC 1 XCOS(PHI{C+NA1XPH]T)
AR36*S7IMUSRHOL 3 (AR2T+AARCE )-MIZRCIESIN(PHIIC+N41XPHIT)
AR37+-MUIRHO1X (RA29+ARI2)
AFIS*ABS(((].+MUIMUSS2)I3COS(BETA2-THETA2)+MUT(52~1, )XSIN(BETA2-THE
1TR2))/DENOM)

ARIG=ARS (MUIMI/DENOM)

AAR4A:ABS (M3/DENCM)
AR4L*RBS(((1,-MUZMUSSI)I3COS(BETA3+THETAI)-MUS(1.+S53)18SIN(BETAI+THE
1TA3 ), DENOM)

AR42ABS (((1.+MUSMULIS2)IESIN(BETAS-THETA2 ) +MUX(1.-52)2COS(BETA2-THE
1TA2))/DENOM)

AR4ICABS(( (1. ~MUSMUESIIESIN(BETAI+THETA3)+MUS(]1.+53)8COS(BETAI+THE
1TA3) ) /DENOM)

AA44*CAPRBI-MUTSISAI+MUSRHOIB (AR4 ] +AAR43)

AA4S = -MUIRHOILSET(AAIN+AA40Q)

ARAG*-MUEIRHOIXS 7T (AA3T*AA40 )
RA47RB3-MUL (523 (D2-A2 )+RHOIL (AAIB+AA42))

AA48*ABS ((MUT(1.-S1)XSIN(BETAL1+THETAL )¢ (1., +MUSMURS] )XCOS(BETAL+THE
1TA1))/DENQM)

AA49+ABS (M2/DENOM)

ARG =ABS(MUTM2/DENON)

ARG 1 sRES ((MUB(1.+S2)8SIN(BETA2-THETAZ )+ (1., -NUSAUXS2 )XCOS(BETAR-THE
1TA2) ) /DENOM)

AARSZ*ABS ((MUT(1.-S1)3COS(BETAI+THETAL )~ (1. +MUSRURS] JSSIN(BETAL+THE
1TA1) 1/DENQM)

AASI«ABS (((1,-MUINURS2 )ZSINIBETAZ2~-THETA2 )-NMUS(1.+52 )12COS(BETA2-THE
1TA2) }/DENOM)

RETURN

END

SUBROUTINE IN3A (RAS4,AASS, AASGE,ARS?,CAPRBZ, MU, RHO2,AASE ARSI,
*géaEEESI,Ae,SG,S?,AAQQ,&ASO,aade,AAS ,Di,RB2)

C THIS SUBROUTINE COMPUTES AAS4-AARS?

ARS4*CAPRB2+NUERRMHOCE (ARSI +AARS I ) -MURS2RAE

AASS « ~MUSRHO2E 6L ( AR4D+ARSE )

AASE* -MUSRHOCES TS (AA4D+AASQ)

AAS?7+RB2-MUIS1X(DI~-AY )-MULRHO2E(AA4S+AAS2)

e

SUBROUTINE ALFA(CAPRS,RB, THETA, CAPRO, RO, AL 1N, ALF IN)
ALIN. ((CAPRB+RB )X TAN( META ) -S0RT (ROTRO-RDERD ) )/ CAPRS
:gwsonmm:mucmnzm
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£330 END

§740 SJBROUTINE GCURUELT QA AN)

8550 COMMON/GCL/ TIN(100),G0100),CL(100), N
S369 ARed,

3379 ANs

5980 GO TO Se

£999 € Jag-t

900 S50 IF(T.€Q.TIM(§)) Joi

2010 IF(J.GE.N) CO TO J@

9028 F (T.EQ.TINCJ)Y) GO TO 1@

93 W AT, GT. . TIN(Je1)) JeJoy

9049 1F «(J.GE.N) GO TO JO

95 IFAT.EQ.TIMC]J+1)) QO TO 49

9dce IF(T.GT.TIM(J)),aND. T.LY.TIN(J+1)) GO TO 20
[T IF(T.LT.TIM(J)) GO TO S

9880 G0 Y0 20

9230 10 ARG D)

9100 ANeGLLJ)

9119 GO TO 1000

9120 €0 ARG I IGII*1-C(JIB(T-TIN(JIIZ(TIM(]J+1)-TIRLI)))
913@ AN (GLULI IO (GL( o1 )-GL(JNIS(T-TIA(I))IZ(TINJ+1)-TIN(J)))
G140 GO TO 1000

9150 0 AAGIN

$160 ANSGLIN)

G170 GO TO 1000

9182 49 AACGULJe 1)

9199 A CL(Je)

S2oe Jedet

§2:0 1000 An-12.332.22AA

920 AN*32.332.23%AN

9230 RETURN

9240 €ND

»

‘.

VT
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CONVERSION OF TWO ROTOR SYSTEM TO AN EQUIVALENT SINGLE ROTOR
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The computer simulation has been written to model a pin-pallet runaway es-
capement with a three-pass 1involute gear train driven by a single rotor. The
PATRIOT M143 safety and arming (S&A) device 1is an example of a mechanism which
could Le modeled by this computer program with the exception of the single-rotor
requirement. The PATRIOT S&A incorporates a detonator rotor and a balance rotor.
This two-rotor system is used to reduce the effect of lateral acceleration on the
timing function of the device. For example, suppose a lateral acceleration A
results from a missile maneuver in the positive X direction (fig. C-1). From the
position of the rotors shown, this acceleration would result in a counterclock—
wise moment on the balance rotor, as well as a counterclockwise moment on the
detonator rotor. Since the rotors are of equal size and number of teeth, and
have similar mass properties, the resulting reactions are virtually equal and
opposite, greatly reducing the effect of the acceleration in comparison with the
effect the same acceleration would have on a single-rotor system.

To use the computer program to model the PATRIOT S§A, the two-rotor system
must be modeled as a single equivalent rotor.

Detonator Rotor

Using figure (-1, the moment balance written about the pivot of the deto-
nator rotor can be expressed as

- - = 0
FR - f = A, mr. cos (BD+A5 + a)

- S + 0 4 o (c-1)
Ay mprp sin (BD 450 + a) + I a)
where
F = contact force between balance and detonator rotors
R = base circle radius of talance and detonator rotor gears

fD = detonator rotor plvot friction torgue

Mp = m2ss cf detonator rotor

ry = distance from pivot center to c.g. of detonator rotor
Ap = axtfal acceleration of missile

Ay = lateral or normal acceleration of missile

a = angular position of detonator rotor

f = angle used to locate c.g. of detonator rotor

ID = mass moment of 1inertia of detonator rotor
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Balance Rotor

Similarly, the moment balance can be performed on the balance rotor., At
present, the resistive moment contributed by the delay escapement assembly is not
{ncludrd. The resulting equation is as follows:

- FR ~ fB = AA m_T

aTp €08 (BB - 450 4+ ¢1]

r. sin (3 o (¢-2)

- - Q
AN maCy 45% + ¢l] + I

B B71

where
mp = mass of balance rotor
B_ = angle lucating c.g. of balance rotor
rg = distance from pivot center to c¢.g. of balance rotor

¢, = angular position of balance rotor

]

balance rotor pivot friction torque
Fquations C-1 and C-2 can now be combined to form a single equation eliminating
the dependence on the contact force F.

- f‘3 + fD = = AA mDrD cos {BD + 45% + a)

AA mBR

+

p €O (BB =450 + ol)

A Mot sin (5D + 459 4+ q)
- ( - ] 1 4+ Yy -
Ay mpFp Sin LBg = 457+ o 0+ Tg0) = Lpay (c-3)

Recognizing that since the two rotors are of equal size and number of reeth,

a= - ¢1 (Cc-4)
3= - :1 (c-<)
a = - nl (C-6)

From figure C-1 1t can he seen that

0

':‘ = ﬂ - 145 ((:_7)
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.
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Using the gear ratio N&l (equation A-79), the balance rotor angle and its deriva-
tives can be expressed in terms of the escape wheel angle ¢ and its derivatives

as:

¢>1 = N“¢) (c~-8)
b= N, (c-9)
¢1 = Hilé (c-10)

Again using appendix A, equation A-80, the balance rotor angle can be expressed

as

; + & = 4 + N 4 1c-
?1e 1 le ! &léT c-11)

¥inaliv, rewriting cquation C-5 with this information

R i : + N Y- coo g 4 450 o )!
R A S ulc a1% T ™ D 2 Moy ®p/s
_ A f { ' P - r { + 4 0 _ g ]
A dmgry stn o) e N8 ) - mry st (B 4+ 450 - o]
T N e (C-12)

AU this point, eqnation €-12 can be compared to the moment equation for the rotor
(cquation A=191 in appendix A). It can be seen that the effective mcment of
fnercia i; can be expressed as

1, =1

) rl

1} B (C-13)

Farthe, {t can e seen that additional "driving torque” terms (in the coetfi-
creets oot A and AL on the tight hav side of the equation) have arisen. Tracing

the arisioal driving rocosue expressior back in apperdix A, {t is found that equa-
tione A=l aed 0t F et b modiried to account for the additional contribution
ol v Jetonatl L1
\ = 5 4 0A n a8 H + N [ \.
A% ot I BT 41T’
N TS TN (C-14)
| ET 1 gl
v, v + 0 = m o sin 13 4+ N t\
/ , sy e ) - W I/
S g e st oy (C-15)
oo i) 1% B
AT
. (C-16)
R
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To avoid significant mathematical complexity, tris modification does not account §3§
for the pivot friction of the detonator rotor. 1In aprendix D, a revised version (AR

of the computer simulation is presented for the M143 S&A. All revisions of the
program to make it suitable for simulation of the MI43 S&A are clearly identi-
fied.
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Coal 6,0

N0

31

3e3

PRCGRIAM F1433ACINPUT,OUTPUT, TAPESINPUT, TRPEE=OUTPUT)

NOTE THE INCLUSION OF M143 SLA PARAMETERS IN COMMON
ANN REAL STATEMENTS UNERE APPLICABLE IN PROGRANM

COMMON A, 8, C,R,ALPHR,P1,22,M1,M2,13,M4,MP,11,12,13,14,1P,EREST,LAN
:ED&,DELTA,PHITGT,PHlPR,N41,H42,N43,0HEGA,0H2,QC!.PHXlC,TESTl,TESTE
e.TESTS,NG;,NGE.NGB.NP&,NP3,NP4,CAPRBI.CAPRB&,CAPRB3,RBE,RB3.RB4,TN
SETax,THETaa,THEIQB,R],RE,R3.R4,RS,RH01,RHO&,RHOB,RHO(,RHOP,Jl,JE,J
33,BETALl,BETA2,BETR3,BETA4,D1,D2,D03,ALLIN,ALIFIN,J, TANG,NT,
SALEKN,ALaFIN,ALJIN,QL3FIN,0LPHR1,ALPHAE,ALPHG3.IN,TE,T3.T4,HU,HU1,
TRCP,P$IC,$1,SQ,SJ,$4.55.91,A8,A3,DPH12,DPS!&,FJQH&X,F23NAX,F12HAX,
8FF34nax,rreBHAx,Fr1anax,PNnAx,PHlCUTD,AA,AN,SG,S?,BD,RD,ID,HD

(IMMON - JETR~s RSI,TIME,G,DPSI,GP

COMMCN GOV TIM(100),6R(100),GL.(100),N

DIMENSION AUX.§,2), AUX2(8,4), PRMT(S), PH1(2), DPHI(2), X(4), DX{
14)

RERAL ﬂl,ne,NB,ﬂ4.ﬂP,ll,12,13.14.IP.LAHBDA,K,N4:,N42.N43,J1,J8,J3,N
161 .NG2,NG3, NP2, NP3, NP4, MU, MUY, 1D, MD

ENTERNWL FCT,OUTP,FCTF, OUTPF

READ IN AND WRITE DATA
URITE(6,3¢0)
FORMATL"ESCAFEMENT DATA'//7)

REAL'(S,22)A,B,(,R, ALPHA

JRITE(H,23) A,B,C,R,ALPHA

READ(S5,32) BETA],BETA2,BETAJ, BETA4

WRITE(5,41) BETAY,BETA2,BETAZ, BETA4

REMD (5,24 EREST,LAMEDA,DELTA

WRITE (5,25 ) EREST,LAMBDA,DELTA

WRITE(5,301)

FOSMATI /7 *MASS PROPERTIES®/77)

REARD (5,¢6) M1, ,M2,M3, N4, MNP

URITE 6,27) M{,M2,M3,M4,MP

READ (5,261 11,12,13,14,1P

WRITE (6,2%) 11,12,13,14,1P

WRITE(6,302)

FORMAT (//7°*MISCELLANEQUS PARAMETERS®///)

READ (5,231 RC1,RCP,RHOP,PHILIC,PSICCD,PHID, PHICUTD, MU, AUl
WRITE (6,30} RC1,RCP,RHOP,PHI1C,PSICCD,PHID,PHICUTD,MU,MUL
READ (5,39 ) PSUBD1,PSUBD2,PSUBDI, NGL,NG2,NG3, NP2, NP3, NP4, CNAPRPL,CA
1PRFP2,CAPRP3,RP2,RPJ,RP4, THETAL, THETAZ, THETA]

URITEL6,303)

FORMAT (7/7°*GEAR PARAMETERS /77

WRITE (6,35) PSUBD1,PSUBDR2,PSUBDI, NG, NG2,NG3,NPE, NP3, NP4, CAPRP],C
1APPPR,LGPRP3,RP2,RPI,RP4, THETAL, THETAZ, THETAJ

READ 15,32) RMO3,RHOZ,RHO]I,RHO4

URITE 6,37) RHO1,RHO2, RHO3,RHO4

ReEal (5,33) CAPRBL,CAPRBR,CAPRBI,RB2,RBI,RB I

UPITE (6,38) CAPRBL,CAPRB2,CAPRBI,RB2,RB3,RB4
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RERD (5, 33) CAPRO1,TAFR0O2,CAPROJ3,R02,R03,R04
WRITE (6,391 CAPROL,CAPRO2,CAPRO3,R02,R07,R04
READ 1S,34) J1,72,J3

URITE (6,49) J1,Je,J3

URITE (5, 304

(Y 2% 1% T
1LICILI ) —
oo

B34 4 FORMAT( /. *ANGLE INDEXING PARAMETERS®///)
€GO REAT1S,85) TANG,NT
€70 WR . TELL, 990 TANG,NT
€50 $3 FORMAT LrlO.J,IJ)
Gg% S FORMAT (2%, °TANG » *,F10.3,3X,°NT « " I3/}
e
710 C
;gg C FEAD & URITE SPECIAL DATA FOR M143 SAA
RILEN &
T4
759 RERDS,200) BD,.RD,!1D,MD
€9 LRITE 5,201)
27O WR17E (6,éecy BD,RD,1D.MD

739 200 FORMATI2F19.672E12.6)
799 ¢l FCORMATL-//*SPECIAL DATA FOR M143 DETONATOR ROTR®///)
BUQ 202 FORMATOIX,*ED » °,F10.6,3X,*RD « *,F10.6,3%,'ID « *,E12.6,3X,

19 M0 . "'2 (_.‘,//////)

gce ¢

£30 ¢

g4 ¢ READ & URITE RCCELERATION DATA

850 ¢

§60 C

852 WRITErG, 305, .
8b4 RIS fuPNnT(/ r'ﬁCCELERA;]Oh PROFLLE DATR*s/7)

87Q RExD(S5,91) N

¢S 91 FC?WA‘«IJ)

89¢ READ (5,82,(TIMNCI)Y,GALD),GLMJ), 01 ,N)

90e 92 FCRMAT (Jr.e kR

g1 LRITE 16,93 «(TIMJ),GACS),GLLJ), Je1,N)

920 G5 FOPMAT (F10.2,4X,F10.E,4X,F10.2/)

339 LRITE (6,94)

249 94 FORIART(s77777)

5%9 C

960 C

g;g g INITIALIZATION OF FARAMETERS AND CONVERSION TO RADIANS

%0 C

1C00 Je@

1190 TIME-¢.

1¢2o PHITGT=0.

1030 PHIFx=PHID

1940 urHlceQ,

12GQ DE51240.

 REIY -] F3aMaxa9,

197@ FASMAX=0, -
193¢ FichMaxks«0. Ty
1a5,0 Friamax.g. o)
112e FFreaMaxsd.

b e RO

.
4
3

e
'

s
£
.
[N AR

'y e




B o At G A T 1 Kip Y VL A B A B L A A K. RS NG S MO S R S S AN S A b ) a X JW A grd gA g8 i % v -

S0
1110 FF12MAX=D. e
1120 PNNAX ., NS
1132 Pl+3.14159 CCION
1149 22-P1-180. X
115¢ PHI1CePHI1C222 O A2
115@ PSICCePSICCD2Z2 i ak
117e PSICPSICC i
1180 ALPHReALPHAR2Z
1180 ¢
120w ¢
12i¢ € NOTE M143 PARAMETER BD TO RADIANS
1889 ¢
1230 ¢
1240 BDeBD222
1250 ¢
1269 C
1270 ¢ CONUERSION TO EFFECTIVE MOMENT OF INERTIA FOR M143 ROTOR SYSTEM
1280 ¢ ’
1290 ¢ !
1390 I1e1141D r
1310 C o
132@ ¢ COMPUTATIUN OF GEAR RATIOS e
1330 ¢ o
1349 141+ -NP2XNPIINP 4/ (NG L ENG2ENG]) 2t
1350 N42-NP32NP4/ (NG2INGT) B
1360 N43:-NP4/NG3 M)
1379 ¢ i
1388 g CONVERSION OF PRESSURE ANGLES TO RADIANS RS
13 RN
1400 THETA1=THETAL$22 A
t41@ THETR2e THETASE22 . LR
1420 THETA3I* THETA3322Z : ,
1436 ¢ . .
14;0 c DETERMINATION OF GEAR TRAIN CONSTANTS K
1450 C =
1460 TEST{=TANCTHETAL) A
1470 TEST2=TAN(THETA2) R
1480 TEST3-TAN(THETA3) e
1490 D1¢(CAPRB1I+RB2 )ITAN(THETAL) L
1500 D2+~ (CAPRB2+RBIIZTAN(THETAR2) R
1510 c D3*(CAPRJI3+RB4IXTAN(THETAZ) s
1520 e
1238 g DETERMINATION OF EARLIEST AND LATEST POSSIBLE UALUES OF ALPHAS il
1 o
1550 CALL ALFA (CAPRB1,RB2,THETAL,CAPRO1,R02,ALIIN,ALIFIN) RS |
1560 CALL ALFA (CAPRBZ,RB3, THETAZ,CAPRO2,R03,AL2IN,AL2FIN) NPy -
157@ CALL ALFA (CAPRBT,RB4,THETA3,CAPRO3,R04,AL3IN,ALIFIN) ;_w.v
1580 -
1s3e ¢ INITIALIZATION OF ALPHAS NGRS
1600 ¢ NG
1610 “LPHA1=ALLINY (ALLIFIN-ALLIN)ZJL - 2
1620 ALPHAZsAL2IN+ (ALRFIN-AL2IN)ZJ2 L
1238 c ALPHA3=ALIINS (ALIFIN-AL3INIXJI e
164 .
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DATA FOR RUNGE KUTTR

PRMT(2)1C.
PRMT(4)+, 01
NDIMe2
NDIMg=4
PHI(1)-PHIDXZZ
PHI(2)1+0.

COLPLED NOTICHN

PRMT (1 TIME

PRMT(3:<.0091

DFMI(1:r.5

LFHI2}e .6

IF CPHITOT.GT.3@. .AND.PHITOT.LT. (PHICUTD-30.)) GO 10 ¢
URITE t8,42)

CALL RAGS (PRMY,PHIL,DPHI,NDIM, IHLF,FCT,O0UTP, AUX)

IF WPRMT(SY.EG., 1.) GO TO 21

IF (PHITOT.GE.PHICUTD) GO T0 &t

TEST FOR ENTRANCE OR EXIT ACTION

IFovLif.e.) GO TOS
PHID=FHltl )22

1F «FPH;D.LE.TANRGS GO TO 3

GC TO =
PRICLYeFHI (1 1+DELTAIZZENT
FHIPRPHII1)/22
PC]-PS1¢2.3P1-LAMBDALZZ
PCIC-PSICC+LAMBDAYZE -
GO YU 6
FH111)ePHI(1)-DELTAI2ZR(NT+1,)
PHIPRIFHI(11.22
PSI1+PS[-2.2P+LAMBDAL2Z
FSiLePSICC

FREE MOTIGH

PRMTIL«TINE

X(13eFMI(1)

X(2)sPHI(2)

X{3)PS]

¥ (4)LFS]

DxX(1)e.25

dxigle.c5

DX 31e.c5

He(4)s, 25

PRINT3)¢. 0001

IF (PAITOT.GT.3@..AND.FHITOT.LT.(PKRICUTD-3@.)) GO TO 6
URITE (6,43)

call RXGS (PRMT,X,DX,NDIM2,IMLF,FCTF,OUTPF,AUX2)
1+ (PHITOT.GE.PHICUTD) GO TO &}

PHICL)eX( 1

PHI(2)eX(2)
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Me2, E(BEISCS(ALPHR)I+AICOSIPHT (1)-ALPHR))
K-Axﬂ‘BlBORtR-ClC‘E.tB!RxSIN(ﬂLPHR)‘a.tQ!BlCOS(PHI(l))-a.xnlkxsrﬂ(
1PRI(11=ALPHR)

CONEa | ~H+SYRT(HEH-4.5X) )72,
CTWO=(-H-3QRTININ-4,xK))/2.

1F (ARSIGINE) LT.ABS(GTWO)Y)Y GO TO 7
G*GTYO

SO0 "0 8

GeGONE

PHITSPHI(1),22

IF (GF.LT.Q@,) GO TO 11

1F (FHID.LE.TANG) GO TO 9

GO To 1@

FHI(1)1ePHI(1)+DELTAXZZENT
PHIPR-PHI1) )22
PS1sPSI+2. 3P -LAMBDAR2Z
FSICPIICC+LRMBDAX22Z

C0 TO0 S

PHY (1) =FHI(1)-0ELTAXZ2ZT(NT+1.)
PHIFRFHI(1),22
P31+PS]I-2.2P1+LANBDAIZZ

FSICPSICC

GO T2 €

IF «FHID.LE.TANG) GO TC 13

EXIT ACTION
COMPUTATICN OF UVELOCITIES VP AND US FOR EXIT ACTION

AONE «B3COS ALPHR ) oG .
DONE-C3CCS(PHI L1 ) -ALPHR-PST)

UF -DUNE 30PS]

VS AONE EPKTI (2)

IF (FHITOT.GT.32..AND.PHITOT.LT (PHICUTD-3@ )} GO TO 12
WRITE (6,44) UP,VS

ExIT ACTION TEST

If tPHIt2).GE.Q..AND.DPST.GE.@.) GO TO iS5

1F (PH1(2).GE.0..ANC.DPSI.LE.Q. .AND.ABS(UP).GT,ABS(VS)) GU TO S

IF (PHI(2).GE.D..AND.DPSI,LE.@..AND.ABS(UP).LT.ABS(VS)) GO TN 15
IF (PHI(Z).GE.®..AND.D?5]1.LE.Q..AND.2BS(UP).EQG.ABS(VUS)) GO TO 1

iF (PHI(2).LE.2..AND.DPSI.GE.®. . AND.ABS(UP).GT.ABS(US)) GO TO 15
IF (PH1(2).LE.Q..AND.DFSI .GE.A,.AND.ABS(UP).EQ.ABS(V5)) GO TO 1
IF (FH1t&).LE.Q..AND.DPSI.GE.O. . AND.ABS(VP ). LT.ABS(VS)) GO TO S

IF (PHI(S).LE.Q..AND.DPSI.LE.®.) GO TO S

COMPUTATION OF VELOCITIES UP AND US FOR ENTRANCE ACTION
ACNE+B3COS(ALPHR)+G
DONEsC3COS(PHI(1)~ALPHR-PS])

UPsDCNEXLFST
US~A0NEXPH] (2)
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IF (FHITOT.GT.33..AND.PHITOT.LT. (PHICUTD-30.)) GO TO 14
LRITE 16,44) W, US

ENTRRNCE ACTION

14 IF (PHI(2).GE.Q9..AND.DPSI.GE.@..AND.ABS(UP).GT.ABS(VS)) GO TO S
I (PH1(2),GE.0..AND.DPS].GE. Q. .AND.ABS(VUP).EQ.ABS(VUS)) GO TO 1
I7 (PHI(2).GE.9. .AND.CPSI.GE.O..AND.ABS(UP).LT.ABS(VS)) GO TO 15
If «PHl(2.LE.Q..ANL.UPSI.GE.@.) GO TO S
IF (PH!(27.GE.Q. .AND . DPSTI.LE.@.) GO TO 1S
I (PHI«2),LE.Q..AND.DPSI.LE.@. . .AND,.ABS(UP)I . LT.ABSC(US):; GO TO S
IF (FRI(2).LE.0,. . AND.DPST.LE. Q. .AND.ABS(UP) . GT.ABS(US)) GO TC 1S
IF WPHI(2),LE.Q..AND.DPSI.LE.@..AND.ABS(UP) . EQ.ABS(VS}) GO TO 1
IMPACT

1S CalL IMPACT tPHI(1).PHI(2),P51,DPS1)

M:=2,3B3COSCALPHR Y+ARCOS(PHI(1)~ALPHR))
Nert12+BEXC+RII2-C282+42, EBRRES IN(ALPHR ) +2. XATBXCOS(PHI (1 ))-2.2A%RS
ISIN(PRIC(1)-ALPHR)

SUNE" 1 -HeSGRTIHEER~4,2K) )2,

GTWY» ~H-SGRTIHIE2~4.3K) ) /2.

1F (ABS(GONE 1. LT.AB3(GTUOD)) GO T0 16

GonTUY

TEST FOR £XIT ACTIQN .

PHIL:PHI(11)722
IF (PHID.LE.TANG) GO TO 19

EXIT AZTION

CCMPUTATION OF VELOCITIES UP AND US FOR BOTTON ACTION
ADMHE*BXCOS (ALPHR )+

DONE*CECOS(PHI (1) -ALPHR -PS{)

UP«DONERDPST

USeAUNERPHI(R)

1F (PHITOT.GT.30. .AND.PHITOT.LT.(PHICUTD-30.)) GO 7¢ 18
WRITE (6,44) UP,VUS

18 1F(RBSIVUP-US).1T.1.0) GO T0 1

ExXIT ATTION TESTS

IF (PHI(Z).GE.2,.AND.IF51.GE.@.) GO TO 1
17 (PHTCz).GE.D, AND, I PST . LE. Q. JAND,ABS(VUP ) .GT.ABS(VS)) GO TO S
I# (PH1(2).GE.%, .AND. DPSI.LE. @, .AND.ABS(VUP) . LT.ABS(VS}) GO TO 1
1 (PHIt2).LE.0,.AN ", DPST.GT,.@..AND.ABS(UP),.LT . ABS(VS)) GO T0 S
18 (PAI(23.L8.8. .A). DP5I.CT.@. .AND.ABS(VUP).CT.ABSIVS)) GO TO 1
18 (PHI(2,..5.0.#1D,DPSI.LE,Q.) GO TO S
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COMPUTATICN OF VELOCITIES UP AND US FOR ENTRANCE ACTION

19 AQNE=BXCOS(ALFHR)+G
QONECRLOSPHI(1)~ALPHR-PSI)
UPsDONERDFS]T
USenaONERFKI(2)
I1f (PRITCT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO T0 2@
URITE t6,44) UP,US
20 IT(RRSWUF-US)H.LT.1.2) GC TO L

ENTRANCE ACTION TESTS

If (PHI(2).GE.®..aND.DPS!.GE.@..AND . ABS(UP).GT.ARBS(VS)) GO TO S
1F (PH1 (V. GE.O. .AND.DFSIL.GE.O. .AND.ABS(VUP) LT, ABS(VS)) GO TC I
1f (PHI(21.LE.d..AND.DPSI.GE.Q.) GO T0 S
If «PHI(C1.GE.Q. . AND.DPSI.LE.®.) GO T0 1
IF (PHI(2'.LE.&,. . AND.DPSI.LE.@. . AND.ARBS(UP).CT.ABS(US)) GC TO 1
IF (PRI(2).LE.O. . AND.DPSI.LE.Q. .AND.ABS(UP ). .LT.ABS(VUS)) GO TO &
21 URITE 6, 45)1F 34MAaX, FZ5MAX,F 12MAK, FF I4MAax, FF23MAX, FF12MAX, PNMAX
ATMeTIME
URITE(E,7%) ATN
T& FORMAT(* THE S&8 ARMS IN',2X,F6.3,2X,*SECONDS.")
SToE

22 FURMAT (5F10.5)

23 FURMAT (1ML, 5a, 2Wias,F13.5,54,8HB+,713.5,56X,2HCe,F13.5,5%X,CKR=,F13.
1€,5%, 6HALPHA ,F9.4/)

24 FCRMAT (23F10.5) -

25 FORMAT (1K ,SX,6HEREST=,FS.2,3X,?HLANBDA=,F8.3,3%,6HDELTA- ,FB,3/)

26 FCPMAT (5E12.6G)

27 FORMAT (M ,S5X,4MMY o ,E16.5,3X,4HM2 « E1S.5,3X.4HN3 = ,E15.5,3X, 44N
14 «,E15.5,3X%,4HMP - ,E15.57)

28 FORMAT (iM ,5X,4Hl1 +,E15.5,3X,4H12 -,E£15.5,3%,4H]I3 =-,E£15.5,3%,4H]
14 +,E15.5,3%,4HIP +,E£15.57)

29 FOPMAT (6F10.473F19.4)

30 FCAMAT (6X,GHRCY «,F7.4,3X,SHRCP = ,F7.4,3X,6HRHOP +,F7.4,3X,

13%, ?HPHILC «,F93.4,3%,8HPSICCD »,F9.4,3X,6HPHID =,F3.4//6X,
2SHPHICUTD »,F6.0//6X,4HNU = ,FS5.3,3X,SHMUL «,F5.37)

31 FURMAT (3F10.47/6F10.0/6F10.573F10.4)

32 FORPMAT (4F10.4)

33 FLRMAT (FF10.S)

34 FORMAT (3F10.2:

35 FORMAT (1M ,5X,3WFSUBDY «,FS.1,3%,8MPSUBDE =,FS5.1,3X,8HPSUBDS «,F5S
1,1776%,5RNGY1 »,F4.0,3X,5HNG2 «,F4.0,3X,5HNGI +,F4.8,3x,SHNP2 » F4.
20,3X,SHNF3 ~,F4.08,3X,5HNP4 »,F4,0//6X,BHCAPRP] «,FB.5,3X,BKCAPRP2
3«,FR.5,3%,8HCAPRP] «,FB.5//6X,5HRP2 =« FB8.5,3X,GHRP3 «,FB8.5,3X, SHRP
44 +,F8,.5/76X,BHTHETAL . F8.3,3x,BHTHETAZ =,F8.3,3X,BHTHETAY »,F8.3
s/)

37 FCRMA; (gX,GHRHOI «,F7.5,3%,6HRHC2 =,F7.5,3X,6HRH03 «,F7.5,3X,EHRHY
124 «,F7.57)

38 FORMAT (6X,BHCAPRB1 =,F7.5,3X,BHCAPRB? «,F?.5,3X%,8HCARPRB] =,F7.5,3
1%,55RB2 ¢.F7.5,3x.5HRBI +,F7.5,3x,54RB4 «~,F7.5/)
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35 FORMAT (6X,8HCAPRO1 «,F?7.5,3x,8HCAPRO2 *,F?7.5,3%,8HCAPRO] «,F7.5,3
1X,6KR02 »,F?,5,3%X,5HR0O3 ¢, F7. ,34,5HRO4 * ,F?.5/)

40 FORMAT (1HOD,SX,4HJ1 = ,F4,2,3%, eHJ2 o, F4,2,3%,4HJ3 o F4.27)

4t FORMAT (6X%,8HRETAID «,F7.2,3X,8HBETAZD s ,F7.2,3%,B4BETAID -,F7.2,3
{X,BHEETA4D ¢, F?.27)

42 FORMAT (SX, 14MCOUPLED MOTION)

43 FORMAT (SX, s 1HFREE MOTION/7)

44 FORMAT (3HUPs F8,3,3x, 3HUS FB.3)

45 FORMAT (1HQ,6X,3F34MAX X ,F6.2/1H@,6X, IF2IMAX o3 ,F6.271HQ,6X,3F12
1MAX st,F6.2/1KHY, 6X, sFF J4MAX *X,F6.27/1HQ,EX,3FF23MAX 2 ,F6.2/1HO,SX
2IFF12MAX +%,F6.271HD, 6%, EPNNAX +x,FG.27)

END

SURROUTINE INPACT (PHI,DPHI,PSI,DPSI)

CQOMMON A.P.C,R,GLPNR,PI.zz,nl,na,ma.ﬂ4.HP,Il.12,13,14.IP.EREST,LQH
1BDA, DELTA, PRITOT,PHIPR,N41,N42,N43,0MEGA,OM2,RC1, PHIIC, TEST1, TESTE
2,TEST3,.NG1,NG2, NG3, NP2, NP3, NP4, CAFRB],CAPRB2, CAPRB],RBE, RBI, R84, TH
JETAL,THETAZ2, THETA3,R1,R2,R3,R4,RS, RHO1,RHOZ, RHOI, RHO4,RHOP, J1, J2,J
a3, BETR1,BETA2,BETA],BETA4,D1,D2,.D3,ALL1IN,ALIFIN,J, TANG,NT,
6aL2IN,AL2F IN, ALIIN,AL3FIN, ALPHAL ,ALPHA2,ALPHAD, IN, T2, T3, T4, MU, M1,
“RCP,P:IC,S1,52,63,54,55,A1,A2,A3,DPH12, DPSI2,F34MaX, F2INAX, F12MAX,
SFF 24MAax, FF23MAX, FF12MAX, PNMAX, PHICUTD,RA,AN,56,57,BD,RD, 1D, MD

REwmL 11,12,13.14,1P,LAMBDA, N4y ,N42,N43,15T0T,K

1STOTeIde I1XNALENAI ¢ I2ENA2EN42¢ 133N438N43

H=2.1BXCOSIALPHR 1+ALCOS(PHI -ALPHR))

K=Q212+BISQ+REX2-C182+2,.TBXRISIN(ALPHR )42, JAIBSCOS(PH] ) -2. XAIRESIN
1 (PHI-ALPHR )

GONE-(-HOSQRT(Hx!a-A.tK))/E.

GTWO*(-H-SORT(HIE2-4,.3K) /2.

IF (ABS{GONE).LT.ABS(GTWO)) GO TO |

G GTUO

GO TH 2
1 G=GONE
¢ RONE*BICOSIALPHR i+§

DONE*C3$COS(PHI-ALPHR-PSI)

DPRIINDPNKI

DPHI*((PYAONESDPSI+ISTOTXDONE X DPHI+ 1PXAONEXEREST /DONER(DPSISDONE-D
1PHISAONE ) 1/ LIPSAONES22/DONE ¢ ISTOTXDONE )

DPS e (LPHIZAONE-ERESTH (LPSISDONE-DPH] INSAONE ) )/DONE

PHILsPHI/22

PSIDPSI 22

IF (PHITOT.GTV.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 3

WRITE (6,4)

VRITE (6,5) PHID.DPHI,PSID,DPSE,PHITOT
3 RETURN

.

4 FORMAT (1HO,SX, EHIMPACT)

5 FCRMAT (1HO, 18X, 4HPHI =, F8.3,3X,7THPHIDOT+, F8.3,3X,4HPS]=,FB.3,3X,7H
1PSéDOT-.F8.3,3X.8HPHITOT o, FS.8)
EN
SUBROUTINE FCT (T,PHI,DPH])
COMMGN A, B,C,R,ALPHR,PI,22,M1, M2, M3 M4, MP,11,12,1),14, 1P, EREST,LAN
1BDA,LELTA,PHITOT,FHIPR, N4t ,N42,N43,0MECR, OMR,NCY , PHILC, TESTL, TESTE

96




-y . a6 . .

A - LIS

4390
4400
4410
4420
4430
4440
4450
4460
4470
<4480
449@
4500
4519
4520
4530
4549
45590
4560
4587

4580
4529
4600
4610
462¢
4530
454¢
46590
4650
467¢
4689
4690
4720
4712
4720
4732
4740
4750
4760
4779
4780
4769
4802
4810
4829
4830
4849
4850
4260
4870
4889
4830
4300
4510

2,TEST3,NG1,NG2,NGI, NP2, NP3, NP4, CAPRB, CAPRB2, CAPRBI,RB2,RB3,RB4, TH
3ETRI, THETAZ, THETA3,R1,R2,R3,R4,PS, RHO1, RHO2, RHO3, RHO4, RHOP, 11, J2.J
43,BETAL,BETAS,BETAI,BETA4,D1,D2, L3, ALLIN,ALLIFIN, J, TANG, NT,

€al2IN, AL2FIN, ALIIN, ALIFIN,ALPHAL , ALPHAZ, ALPHA]Z, IN, T2, T3, T4, MU, MUY,
7RCP,PSIC,51,52,53,54,55,A1,A2,A3,DPHI2, DPS 2, FJ4MAX, F2IMAX, F 1 2NAX,
8FF 34MaX, FF23MAX, FF 1 2MAX, PNMAX,FHICUTD,AA, AN, 56,57,8D,RD, 1D, MD

DIMENSION FHIC(2), DPHI(2)

REAL Mi,M2,M3,M4,MP,11,12,13,14,1P, 11R,N41,N4A2,N43, MY, MUL,IPR, D

PHID=PHI11)-22

DELPHI =PHID-PHIPR
PHIT= (PHITOT+DELPHI )222

IN=1

CALL KINEM (A,B,ALPHR,FHI,R,C,G,P,G,5,GD0T,PS1,DPS],AQNE, BONE, CONE
1,00NE,U,V, 20

CAlL GCURVE!T,RR,AN)

CALL IN3 (PHI,PKIT,DELPHI,GDOT,PSI,DPSI,RONE, BONE,CONE, DONE, AR, AR
12, 9R 3. AN4, ARG, ARG, AR7,ARE, ART,AAT1G,ARL1 ,AAL2,AAL],AA14,ARLS,AALE, A
2R17,AA1RB,HALY,AA28, AR2T, ARRC,AR2], AAC4, ARAS,AR2E, ARS7, ARSE, AREY, AR
330,AR31,AA32,RA33, AAR34, AATS, AA36, ARIT, AR3B, AAJI, AR40,AA4] LAA42, AA4
43,RA44, AA45,RA46, AA47, ARAEB, AR4G, AASY,ARS L, ARS2, ARSI)

CALL INIACAASY,AASS ,ARSE,ARS?,CAPRBR, MU, RHO2,AAGT,AAST,
‘Sl,52,01,ﬁé.SG,S’,ﬁﬂlQ,ﬂﬁSO,RR4B,RnSE,Dl,RBE)

IF (DPSISLPSIZ.GE.O.) [PReIP+AALS

IF «(DPS1kDPS12.LT.Q.) IPR=IP-AALS

IF (PHI(2)8DPHI2.GE.8.} T[1R«I11+AB5(MU)IERHO12(RA3A+AA3])

IF (PHI(2)XDPHI2.LT.@.) [1R*11-ABS(MUIXRKOL1X(ARA3Q+AAZI)

IF (J{R.LT.@.: I1R=0,

IF (IFP.LT.9.) IPR«0. .

ARG =RACSTIPRIUTAAT LT14-AR1 1 EAARR/ (AA34IAA44SAAS4 I (AAATEARS72N4]
1T IR4HAIAIAAGII ] IEN43-RA34KAA4TTI2ENGR)

AHSY =LA 43AARS USSR +ARRSEIPRIV-PAAL 1 TARZ2EAA3TRAA4 7TIARS 7EN41 1 20
+/(AR34SAA4ATANGY)

ARGO =AM ]15AR2E 7 (ARIMXAAL4TAASH )T (AAISERA4ATEAAS T-AAJ43AA47TAASS -
1AHJ4TARASTAARS A I+AAT 1TRARI+ARI2XAARS-ARRS ENPIRCPERSINIPSI+PSIC)S
2SIN(BETA4)+AASSEMNPXRCPICOS (PSI+RSICITCOS(BETAS)

ARGL*HAL L IARAZ2/ {AA341IAAR448AAS4)3 (AL IGEAR4TEARS7-AAJ4IAAR473ARSE -
JAHI4TAAIESRAS 4 1+AA T 1TARC 4+ AAI IZAARS-ARSSINPEIRCPESINIPSI+FSIC)HS
2(0G(YETA4)-AA2SINPIRCOXCOSIPSI+PSICIESIN(RETAY)

CRHI(1)+PHI(2)

DPHI (2 )% (-ARASIEPHI(C 112+ ARGOLAA+AAG] AN ) /ARSE

RE TURN

END

SUSROUTINE GUTP (T,PHI,DPHI, IHLF ,NDINM, PR¥T)

REAL M1,M2,M3,M4,MP,11,12,13,14,1P, 1R, N41,N42,N43,MU,MUL,TIPR,MD

DINENSION PHI(2), DPHI(2), PRAT(S)

CONMON R,B,C,R,ALPHR,PI,ZZ,Hl,HE,H3,H4,ﬂP.I\.12,13.14,1P,EREST.LQH
18DA, DELTA,PHITOT, PHIPR,N41 ,N42,H43,0MEGA, OM2,RCY,PHILC, TESTY, TEST2
E,TESTQ,NGX.NCZ.NCJ.NPE,NPJ,NPQ,CQPRBI.CﬁPRBE,CQPRB},RBE,RBB,RBQ.TH
3E7A1,THETAE,YHETAJ,RI,RE,Q3,R4,RS.RH01,GHOE,RHOJ,RNO4,PHOP,J1,Ja,J
43,8ETR1,BETA2,BETA3,BETA4, 01,02, D3,ALLIN,ALIFIN, J,TANG,NT,
6AL2IN,ALEFIN,ALIIN,ALIFIN, ALPHAL, ALPHA2 ,ALPHA], IN,T2,73,T4, MU, UL,
7RCP,PSIC ©1.62,53,54,55,A1,A2,A3,DPH.12,DPS12,F34MAX, FE3MAX,F 12MAX,




A2 L]

4522

(4]

OO

89F34HAX,FFESNﬁX.FFlEHAX,PNﬂAx,PHICUTD,AA,GN,SG.57,BD,RD.ID,MD

COMMON /2€ETA, PSI,TIME,G,DPSI,GP

PHIDePHTI(11/22

DELPHI-PHID-PHIPR

PHIPRePHID

PHITOT<PHITOT+DELPH]

PHRITePHITOTE22

IN:O

CALL KINEM (A,E,QLPHR,PH{,R,C,G,P,O,S,GDOT,PSI.DPSI,QONE,BONE.CONE
1,D08E, UV, D)

CALL GCURCELT,AR,AN)

CALL IN3 (PHI,PHIT,DELPHI,GDOT,PSI,DP51,RONE, BONE,CONE, DONE,RAL, AR
12,nA2, AA4,NAG,AARE,AA7,PAAB,AAT,AALQ,ARLL ,RAL2,AAL3,AR14,RA1S,AN1E,A
2RA17, 318, RP19,AR22,AN21,ARRE, AA2], PR, AR5 ,AR2E, RR27 , ARCE, AR2Y, AR
332,an31,AR32, AR3I.AA34,AAR3S, AA36, AA37, AA3E, AAR3D, AR40,AR4L AR 42, AR4
43,AN44, RA4AS,RA46, AR4T7, AR4B, AR49, AR50, ARS] ,AASE, AAS])

CALL IN3AUAAG4,RAGS,AASE,ARS 7, CAPRBZ,MU,RHO2,AAST ARSI,
+21,52,/1,R2,56,57,AR49,AR50, AR4B,ARS2,D1,RB2)

1F (DPS[SIDPSIC.GE.Q.) IPReIP+RALS

1F (DPS1eDRSI2.LT. 0.1 [PR+IP-AALS

1F (PHRI(2)YDPHI2.GE.O.) 11R«I1+ABS(MUIIRHOL13(AA3O+AN]T)

IF (FRI(20PHIR.LT.Q.) 1iR»11-ABS(MUIIRHOLIX(AA3D+AA33)

IF (JiIR.LT.0.) [1R=9,

1F (JFR.LT.0.) IPR-0,

L%z ALRSEIFRIUGAAI 12T 4-AAT1 L RARZS/ (AASASARA44SRASE )X (AR472ARS 7EN4]
181iR+HAJAIRAGAE] JINAI-ARIAZAR4TEI28N42)

AARCG LA 4IRAR5IULIZ+AARSIIPREV-AAL 1 1AA22TAA37ARA47IRAS7EINAL X L2
+ A URATATAR44IAACY) .

AREYYPRAL L ERLRE " {ARIATAA44TAAS4 )L (AAISIAA47IARS 7 -AAJ4LAN4A?IAASS -
1RASSTARAS 1NG4 ) +RAL 1 TAACI+AA12EAACS-AACSEIMPERCPERSIN(PSTI+PSIC)L
COINIEeTid J+ARESIMPIRCPICOS(PSTI+PSIC I1XCOS(BETAL)

ARG RAL 1 EAAR2., (HATATAAM4IAAGA )X (ANIEXAA47INRS7-AAI4SARATIARS -
1AA33T440t0R54 1 +AAL 1 2AACH+AAL 3TARCS-AARSSEMPERCPESINIPSI4PSIC)X
2CCSIBETA4 1-AACSIMPIRCPICOS(PSTI+PSICISSIN(BETAL)

DFRIZ«(-AASIIPHI(2)1282+AREOXAACARE 1 BAN )/ ARSE

CPSI2-UtDFHIQ+UIPHI(2)3PHI(2)

COMPUTATICN OF CONTACT FORCES

FI4:1/ (AAD4LARA4ASAAS 4 )2 (AARISTIAR47BARS7-ARIGTAA4TEARSS -RA34TAR4SS
{ARG4 1 2RA+ (ARTETAR4T7EAAG7-AAJ42AA47AASE -ARI4TAR4GIAAS 4 ) IAN+ARITS
CAQ47EARSTING: 1322PHT (2)8PHI (2)+ (AR4A?KARS7ENA IS IR+AA3S4XAAS4S 1 3IN4]
3-RA34IAR47II2XN4A2)IIDPHIZ)

FEe3s(RA44LF J4+AN4SIARIARLETAN-]1 IEN4IsDPHIC ) 7AR4T

Fic*(ANG4IF2J+AAGSIAA+AASEIANS | 2XN42XDPHIC ) 7ARS?

IF (F34,G7.FJ4MAX) F34MAXF 34

1F (F23.G7.FR3MAX) F2IMAXF23

1F (Fi2.GT.Fiemax) Fi1eMAxX-F12

PNe(~]42DFKI2+RA223F J4+AA2ITRA+ARL4TAN ) 7ARES

PHFSI'(IQF!DPSIaeﬁhi4!DPSKXDPSI-ﬂnlatﬂn-nnl3an0HPxRCP!(QA:(SXN(
1PS1+PSIC)ITSINI(BETA4)-COSPSI+PSICI8COS(BETA4) J+ANRISIN(PSI+PSIC)X
2COS(BETA4)+CGSIPSIWPSICHIKSINIBETA4))) I/7ARLL

IF (PHN.GT.PNMAX ) FNMAXePN
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€470 C
C480 ¢ TEST FOR CINTINUATION CF COUPLED MOTION
649¢ C
sco0 IF CLNOT.(G.LT.O,  AND.PN.GT.Q.)) PRMT(5)e2.
gsi@ 7
gcee C URITE QUTPUT
. §523¢ ¢
“. S540 PSLID-PSI 22
- £5ey IF(J.€3.J)-10002100€) GO TO 5O
. C2EQ IF (PRITOT.GT.30..AND.PHITOT.LT.(PHICUTD-33.)) GO TO 1
- €579 6@ URITE (6.2) T,PHIC,PHI(2:,6,GDCT,PSID,DFS], PHITOT,F34,F23,F12,PN,P
R (30 INPST, PRI {
- G5S0 1 TIME=T L
I $500 Jed+1 =
Set0 F(PHITOT.GE.PHICUTD) FRMATIS)1, .
. 5629 RE TURN A
~ 5630 ¢ AR
CE4Q ¢ A
SESD 2 FORMRT (€2, 3HT =, F2.5,1x,5HPH] «,F6.2,14,28HPHIDOT = ,F6.2,1X,3HG », e
: SE60 IFe. %, 1%, 6HGDOT »,€4.2,1X,6HPSI0 ¢ F?2.2,1%,8HPSIDOT » ,FB8.2,1X,8HPH] o
- CB7Y STOT «,F9.1-3@X,SHFJ4 » ,Fb.4,3%X,SHF23 »,F6.4,3%,5HF12 +,F6.4,3X, 4HP ;r,
. Sede 3t oo ,F6.4, 3%, PHPHFSL «,F6.4,)X,7HDPHIZ ¢ ,E12.4//) -
i €630 END .
- o7 SUBRCUTINE FCTF (T,%,DX)
X c710 COMMON #,B,C,R,ALPHR,PI,2Z,M1, M2, M3, M4,MP,11,12,13,14,1P,EREST,LAN
cr20 1500, LELTA,PHITOT, PHIPR N4] ,H42,N43,0PEGA, OM2,RCY,PHIIC, TESTY, TESTR
) €73 2,TEST3,NGI. NG, NG3, NP2, HF) NP4,CAPRB1,CAPRB2, CAPRB],RB2,RB3,RB4, TH
~. €74 JETAY,THETA2, THETAI,R1,R2,R3,R4,RS,RHO1,RHO2, RHO3,RHO4,RHOP, J1,J2,J
- g7ce 43, BETAL, BETAS,BETAD,BETA4,D1,D2,D3,ALLIN,ALLIFIN,J, TANG,NT,
N svee Bat eI, ALEF TN, ALIIN,AL3F IN, ALPHAL ,ALPHAZ,ALPHAD, IN, T2, T3, T4,AU,AU;,
A €77 7RCP,FSIC,51,58,53,54,85,A1,A2,A3,0PH12, DPSIE, FI4NAX, FE2INAX, FL2HAX,
Ii 5730 uFF 34max, FFR3IMAX, FF12MAX, FNMAX, PHICUTD, AR, AN, 56,57,BD,RD, 1D, MD
" 5730 DIMENSICN ¥(4), Dx(4)
o 5300 COMMON +2€TA- PSI,TINE,G,DPST,GP
"o 58:9 REAL M1,M2,m3,Ma,MP,11,12,13,14,1FR, I1R, MU, MUL, N41,N42,N43,1P, D
‘o S8co PHID X111/ 22
s €gE30 DELPHIFHRID-PHIPR
T- 342 PHIT (PHITOT+DELPH] 222
- 5g5Q INe1
CEED CALL GCURYE(T,AA,AN)
II SE7O CALL IN3 (X,PHIT,DELPHI,Q.,X(3),X14),0,,0.,0.,0,,91,8A2,AR),AR4,A
- 5839 1AS, ARE, RA?, AAB,RAT,ARID, AALL,AA1I2,AA13,AARL4,ARLS,AALE,AAL7,AALB, AR
- S899Q 219,AR2Q,.AAC1,ARER,AAR3, AAZ4, AN2S, AAZE,ARR 7, AA2B, ARST, ARG, AAJL ,AR]
: 5900 32,AR133,AA34,AA35, AR36,AAYTY,AN3E, ARDT, AA40,AR4] ,AA42 , AA4], AR44 ARAS
. 5910 4,AR46,AR47,AR4B,AA49,AA5Q,ARS ], ARG2, ARGT)
5920 C
s 5939 CALL IN3a (RAS4,RALS, ARSE,AAS /7, CAPRB2, MU, PHO2,ARST ,AAS3,
S 594¢ +51,52,A1,A2,56,57,0A4G,RA5Q,AN4E,ARS2, D! RBE)
ta 595¢ ¢
™ 5560 IF (X(4)1DP512,GE. Q.1 IPRIP+AALY
~ 5970 IF (X{4:2DP512.17.2.) IPR«IP-AALS
580 IF (X(2)2DPr]2.GE.Q.) [1R-I1¢ABS(MUISRHO1IE(AAJO+AATT)
. 5999 IF (X(2)2DPHI2.1T.9.) I{ReJ1-ABS(NUIARHOLIZ(AA3G+AAT])
e 6¢09 IF (JIR.LT.2.) I1R-0Q,
. 6d1@ 1IF (IPR.LT.D.) IPR«Q,
v 6020 IF (IPR.EG.Q.) WRITE (6,1)
-
h
]
r.
Ig
‘-
k-
b 99




N 5030 ANEPeRA] 110022/ (RAJAXARM4TAAS L )IIARISIAN471ANG7-AA34TAA47LAAES -

. E040 +RN342AR4ASIAAC 4 )4AAL L TRA2I+AALRTARES ~-ARRSEMFIRCPESINIPSI+PSIC)HY

l €05¢ +CIN(RETA4)+AACSEMPIRCPEICCS(PSI+PSIC)IZCOS(BETA4)
€060 AAGL *RA 1 1 TAR22 7 (ARJ4XAR44TAA54 )X (AASEXARA47IARST-AR34SAR47EAASE -

- 6070 +AR343AA452AAG4 ) +AAT 1 TARRA+AA L ITAAS -AARSEMPARCPEISINIPSI+FSIC)HE

= 60EQ +COS. FETRAI-ARSSIMPIRCPICOS(PSI+PSICIXSIN(BETAS)

g 6099 ARG2e 1PR
6109 A?ss.aa1a-npxncpx(slN(Psx§Psxc)xSIN(aETA4)-COS(P51¢PSIC)xcos(
6ll0 1BETR4a))
6ic@ ARB4+ARN1I-MPARCPI(SINIPSI+PSIC)ISCCS(BETAR4)I-COSIPSI«PSICIBSINC
6130 1BETR4))

l 6140 AAEC e 1 4-AA22 - LARI4TAAA4LAAS 4 VX (AA47SAAS7ENAIEIIR+ARI4SAAS4SIIEN43
6150 1-AR34AnN47ETI2EN42)

- oiby RABH* -AR22IAAST7BAR4 TIARS7IN4 1382/ (RA34TAARL4ZAAS4)

. €170 HAETsAN2 2. LAA3ASARA4TIARS 4 ) K (RAISIAR4TIAAS7-AAI43QR47TARSS-AA34L

- [NEN 1AA4GtanS4)+0A23

- el ARGS*AR22 - [ARI43AR44TARS 42 (ARJGLAA47XAAS7-AAZ43AA472AARSE-AA34L
€200 1ARd6 ARG 4 ) +AACH

- €210 Daelvexie)

~ €220 PxuedreNi4)

D 6230 Ix1314 (ARG 7EAR+ARGE EAN-KAGE X (21852 )/ AAES
240 Drtd1e (ARB3LAA+ARBALAN-ARI 48X (41232 )/7RR6

s (AT RCTURN

. €260

- €27¢

.. €220 ! FOﬁmnT (43N [PR EQUALS ZERQO - SIMULATION TERMINATED)

‘. c2ye Enp
€300 SUBROUTINE OQUTPF (T,X,Dx, THLF ,NDIM,PRMT)
XN Connun A, 6,0, R,ALPHR,PI,22,M1,M2,MN3,M4,MP,11,12,13,14,1IP, EREST, LA
63ce 1806, DELTA,PHITOT, PHIPR,N4) ,M42,%43, 0MECA,OM2,RCY ,PHILC, TESTY, TESTR
€330 2,TEST3, NG, NG2,NGI,NP2,NP3, NP4, CAPRB] , CAPRRZ,CAPRB3,RBC,RB3,RB4, TH
6340 JETHL, THETAQ, THETA3,R1,R2,R3,R4,R5,RHOL ,RHO2,RHO3, RHO4 ,RHOP, J1,J2,J
€350 41, FETH] ,EETR2,BETAS, BETAH4, D1, 02,03, ALTIN,ALIFIN,J, TANG,NT,
t3s0 GrU2IH, ALSFIN, ALDIN,AL3FIN,ALPHRY ,ALPHAZ ,ALPHAJ, IN,T2,T3,T4,MU,MUL,
6379 TROF,P51C,51,52,63,54,55,A1,A2,A3,0PHI2, DPSI2,F I4MAX , F2INAX,F 12MAX,
6380 8FF34Max, FFaIMAX, FF12MAX, PNMAX,PHICUTD, AR, AN,56,57,BD,RD,ID,MD
6390 REAL M1,M2,M3,M4,MP,11,12,13,14,1P,11R, N1, N42,N43, U, MUL, TPR,ND
€400 DIMENSTION X(4), DX(4), PRMT(S)
64:9 COMMON ~2ETA/ PS],TIME,G,DPSI,GP
€420 PHIDex (11722
6430 Pal1D-X(3)/22
6440 DELPH] «PHID-PHIPR
£459Q PHITOTsPHITOTSLELPHI
469 PHIT-PHITITS22
5179 PHIFRePHID
6429 N0
6499 CALL GCLRVE(T,AR,AN)
65060 ¢aALL IN3 (X,PHIT,DELPM],Q.,X(3),%(4),0,,0.,0.,0.,AAL,ARE, AARD,ARA4,A
€510 1A5, ARG, AR7,ARB,ARD,AALG,AALL ,AARIC,AALI,ARLI4,ARLS, AALG,ARL? ,ARLIB, AR
65¢0 219,AA20,0ARC1,RAC2,AARCI,AAC4, ARRS,AARE ,AAC7,ARCE ,ARRY, AR, RASL RAJ
€53 32,AA33,RARI4,AR3S,AA36,AA37,ARIB,AR39,AA40,AAA]1,AR4Z,AR43,AR44 AR4ES
6549 4,RA45,RR47,AA48  AR4D, AR50, AR5 L ,NASE,RAS )

6552 ¢
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CALL INJ3R (RAG4,AASS,ARSH,AAS5?,CAPRB2, MU, RHO2,ARS T, ARSI,
+51,32,A1,R2,56,57,AA45,RA5Q ,AR4R, ARS2, 'L ,RB2)

IF (x(4)32P512.6E.0,) [PReIF+aALS

1F (x{4anDF<I2.LT.@.) [PR-IP-AALS

S UN(Z1RDPRI2.CE.0.) TIRI1+ABS(MU)IIRHCIB(ARIBIAAT])

IF (N(2IEDPHIZ2 . LT.0.) [IR=I1-ABS(MU)ISRHO13(RA3D+ARII)

IF «(I[IR.LT.@,) 11R«0Q.

IF iIFR.LT.0.) IPR-Q.

RAGY*rAT L TARR2 LARS4TAP442AAG4 I3 AA3SINAA?EAAS?-AAT4LANAT7LAASS-
el I4TAA4SEARC 4 1 e HAL 1 BAREI¢RAICIARS-AACSIMPIRCPESINIPST+PSIC 1t
SN FETAQ ) +RR2SIFPEIRLPECQOSIPSI+FSICIICOS(RETRY)

PAnl s nal 1 2AR22, i AA342ARA4TAASH)II{AAIEIAAATEARS 7 -AF JATAR47EARASE-
+RA342AR402ARG4 4 NAL L SAA24+AALILAN2S -AACSIMPIRCPESINIPSI+PSIC )2
+CONLRETHRY 1 -HRAAGSMPERCPECOS(PSI+PSICISSINIBETAY)

Aanc s 1PR

AR el -MPIRCFI(STIN(PSI¢PSICIXSINIBETA4)-COS(PSI+PSIC)IECCSIBETA4
l‘.\

AnB 5] 3-MPIRCPEISIN(PSI+PSICI12COS (BETA4)-COS(PSI~PSICIXSINIBETAAY
1)

WASCG e [4-RA2R (ARIA1QRA42AA54H JT(RAATIAAS7EINGTI ST IR+AAIMIAASAS] 3EN43
1-mn 2 38R04T 8 TENAC )

LEBRe AR BAAITIAA4TIARSTINA 1112/ (AA34LARA4XAASY)

G TeRNOT/ TAGTALAA443AAG S (AAISLAA4ATEAAS? -AN3ALARAL 7EAASS-AAZ4L
15H4588654 1 0HAC ]

HAES KH2C (AAJASARA4TARG A I K (AASELRAATEAAST -ARJ4RAARS7TAARSE-AAZ4S
THAGETARG Y I eNAF4
FSlext )

pPSlextd)

[PHIC 1 -HREEIX 2 I1EX 12 )I+RAE7 AR+ RREB AN ), ARGS

LPL1C: -PAL4EX(4) X1 4 )+ARBITAN+AAG4XAN /ARG

COMPUTATION OF (GNTOCT FGRIES

FFI34-/j48DPHIC-RAC2TARA+ARZ4Z2AN)I/ARCE

FF232(ARAQ4TIFF J4+QAR4GIRAR+RA46EAN-1JIN43IDPHIC )7AR4AT7
FF12:TAASABFT23+AAGGEAA+AASEEIANS [ 2INA2IDPHMI2)/AAST

IF (FF34,GY.FFI4MAX) FF34AMAX=FF 34

IF (FFRIA.GT.FFR3MAX) FFR3MAXFF23

IF (FF12.GT.FFICMAX) FF12MAXeFF12

FCJ.ED.J/74000£1000) GO TO 50

1F (PHITOT.GT.30..AND . PHITOT.LT, (PHICUTD-3@.)) GO TO 1
URITE (6,4) T,PHID,X(2),P51D,X(4),PHRITOT,FF12,FFC3,FF34
IF (T.EQ.TIME)Y GO TO 3

JeJet
CHEGK FOR CONTINUED FREE MOTION

FeasSINIX(1)~RLPHR)-BESIN(ALPHR)-CXSINI(X(] I -ALPHR-PS1)-R
GP=CXCO5(X(1 -ALPHR-PS])-BYCOS(ALPHR )- AXCOS(X (] )-ALPHR)
IF (F.6T,0.) GO TO @

PRMT (S 12,

5 70 3

iFO(GFLGTLA.) RETIS e,

IR

7




b Be e
B 2.

Pz

il )
nl‘.‘

s
"F
e e aa

Cr G

3

4

O,

TIME-T

1F (PHITOT.GE.PHICUTD) PRNT(S)-1.

RETURN

FCRMAT (€X,3HT «,FB.S5,3X,SHPHI +,F?7.2,3%,8HPHIDOT »,F7.2,3X,5HPS]

1«.F7.2,3%X,8HPSIDOT =, F8.2,3X.BHPHITOT »,F9.2/20X,6HFF12 »,F7.3,3X,
+6HFFE3 =, F?.3,3X,6HFF34 »,F?72.377)

END

SUBROUTINE KINEM (A,B,ALPHR,PH!,R,C,G,P,Q,5,.GD0T,PSI,DPST,AONE,BON
1€,CONE,DONE,U,V,2)

DIMENSICN FHI(2)

FEAL K
Ple3.14159

H=2.3(BXCOS (ALPHR )+ARCOS(PHI (1 1-ALPHR))

KA A+RIB+RIR-CEC+2. BIRESIN(ALPHR)«2 XALBXCOS(PHT (1)) ~2 . 3AXRESINI(
LPHI(1)-ALPHR)

CONE»  -H+SCRT(HIH-4.2K)) /2,

CTUD L -H-SQRT (HEH-4,8K ) )/2,

1F 1ARS(GONE ). LT.ABS(GTWO)) GO YO 1

G GTWO

GU TO @

GeGONE

PeBISTHIPHI(] })+GESIN(PHI(1)-ALPHRI+RXCOS(PH]I (1 )-ALPKR)

O RICOCIPHI(1))4C2CCS(PHI(]Y 1-ALPHR)-RZSTM(PH] (1 )-ALPHR)

GeG+EBCUS(ALPHR )+AXCOS(PHIC] )~ALPHR)

GDNT+PHI( 2 I1SARP,S

PS1enSINIP/( )

1F (FE1.1T.0.) GO TO 2

GO Tu 4 .

Folc. 3P| -RBSIPS] -

DPST«(Q¥PHI(2)+GDOTESINI(PHI(1)-ALPKR) I/ (CXCOS(PS]))

AONE * 2L Q5 (ALPHR ) +G

SONE«RESINIALPHR)

CONEs-(ReCESINIPHI(1)-ALPHR-PSI ))

DONE*CECOS(PHI{1)-ALPHR-PS] )

2e(GIATP/SESINIPHI(1)~ALPHR ) )/ (C2COS(PST))

Us (G+SIN(PHIC1 )-ALPHR)IZPTA/S )/ (CECOS(PST))

Ue (Q4ASPISINIFMI(L :~ALPHR /S )X22XTAN(PS]I ) 71 CER28(COS(PS] ) ) X824 (1.,
1/7(C3C05(FST 1) IN(2. ¥AXPICOS(PHI(1)-ALPHR)/75-P+2.SAZLI2EIPR(SIN(PHI(1)
a-ALzHR)1813/51120R!0!SIN(PHI(1)-ALPHR)/S-ﬂlt&lPllElSlN(PHl(1)-GLPN
IRI/S823)

RETURN

END

SUBRGUTINE IN3 (222,PMIT,DELPMI,GDOT,PSI,DPS],AONE, BONE, CONE, DONE,
1AAL,AR2,AA3, AR4,AAS , ARG, RA7, ARB, ARG, ARL1Q,AALL,ARI2, AR D, AR 4,AA15,
ZAAL16,AAL7,AALB,ARLT, ARED, RAC L, RAR22,AARCI, AR24,ARRS, AACH, ARE?, ARCE, A
2029,AA30,AA31,AA32,AA33,AAJ4,RA35,AAJ6,AR37,AA38, AAIT, AR40, AR4Y , AA
442,AA43,A0494,AR45,AN46,AA47,AAR4B,AR4D, AR50, AAS],AAS2,ARS3)

DIMENSION 222(4)

COM™CN A,B,C,R,ALPHR,PI,22,M1,M2, M3, M4, P, 11,12,13,14,1P,EREST, LAN
1BDA,DELTA,PHITOT,PHIPR,N41,N42,N43,0MEGA, OM2,RCL ,PHILC, TESTY,TESTR
2. TESTI,NG1,NG2,NG3, NP2, NP3, NP4, CAPRB1, CAPRB2 ,CAPRBI,RB2,RD3,RB4, TH
JETAL, THETAZ, THETAZ,R1 ,R2,R3, R4,RS,RHO1, RHO2,RHOJI, RHO4,RHOP, J1,J2,J
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OO0

OO0

PRV

43.BETAL,BETA2,BETAI, BETA4,D1,02,03,AL1IN,ALLIFIN,J, TANG, NT,
6ALEIN,ALZFIN, ALIIN, ALIFIN, ALPHR] ,ALPHAZ,ALPHAY, IN, T2, T3, T4, MU, MUY,
7RCP,FSI1C,51 .53,53‘54‘55,‘\1,93,03,DPHla,DPsxa,?Jdnax,F23HAX,F12MAX,
8FF 34MAX, FF23MAX, FF 1 2MAX , PNRAX, PHICLTD,AA, AN, $6,57,80,RD,1D,MD
REAL M1,M2,M3,M4, P, MU, MUL,N4L,N42,N43, 11, T1R,ND

PH1222(1)

CFMI=2Z2(2)

1F «LCPHI.EQ.0.) GO TO !

MUsARS(MU 1 8DPHI/ABS(DPHI)

1F (IN.EQ.Q) GO TO 2

UFDATE UALUES OF ALPHAS

PELAL3-DELPHI®22
PELAL2DELALITRB3/CAPRB2
DELAL1-DELAL23RB2/CAPRB1
ALPHAI«ALPHAL+DELALY
ALPHA2«ALPHAC+DELALS
AUPHA3«ALPHAI+DELAL3

1F (ALPHAL.GT.ALIFIN) ALPHAL<ALLIN
IF (ALFAR2.GT.ALEFIN) ALPHAZ=ALZIN
IF (ALPHA3.GT.AL3FIN) ALPHAJ-AL3IN

DETERMINATION OF SIGNUNMS

I[f (ALPHAL.LT,TEST1) Sle}.
I[F (ALPHA2.LT.TEST2) S2-1.
1F (ALPHA3.LT.TEST3) S3+1.
IF (ALPHAL.GT.TEST]) Sle-1.
If (ALPHR2.GT.TEST2) S2e-1..
If (ALPRA3.GT.TESTI) S3:¢-1,
IF LALPHAL.EQ.TEST1) S10.
IF (ALPHAZ.EQ.TEST2) 52-0.
IF (ALPHAI.EQ.TEST3) 538,
IF (GDOT.NE.®.) GO TO 3
S4s1.

GO TO 4

64-GDOT/ABS(GDOT)

IF (DPSI.NE.®.) GO TO 5
5Ge1.

GO T5 6

55+DP51/ABS(DPS])

IF (ARA.NE.O.) GO TO 7
S56-1.

Gn T0 8

S6+-(AA/ABS(AA))
IF(AN.NE.®.) GO TO 9

57-1.

GO TO 10

S7+-(AN/ABS(AN))

CONTINUE

COMPUTATION OF A1,A2 AND A3 s
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R1=ALPHA1SCAPRBL
R2+ALPHACSCAPRBC
R3I+ALFHA3ECAPRE]
DENOMe1 . +MURRY
DENOMie1. eMULEMUY
F1-3.14159

CONMPUTATION OF AALl TO AAS?

AAL*ABS ((MUL2(54-55 )85 IN(PHI-ALPHR)~(1,+542558MULXNUL ) SCOS(PH]I-ALP
1KR))/DEROMY)

AARC*AES I MPE(COS(BETR4)I-MULSSSXSIN(BETA4)) 1/DENOMY
AA3SARS(MPEISINIBETA4)-MULXSSXCOS(BETA4 ) ) ), DENOMYL

AR4=RBS L (MPERCPE(SIN(PSI+PSIC)I-MULXSSECOS(PST+PSIC)))I/DENONYL)

ARG CABS L tMPIRCPI(COSIPST+PSICI+MULIZSSXSIN(PSI+PSIC)))/DENONY)
ARG*ABS{ (MU (S4-5S)2COS(PHRI-ALPHR)# (1. ¢S43SSIMULIMUL JESIN(PHI -ALP
{HR 11/ DENOMT )

ARTCABS(MPE(MUIB553COS(BETR4)+SIN(BETA4) ) )/DENOML
HHZtRBS(MPT(MUISSSESINIBETA4)+COS(BETR4) ) )/DENOML

RAJABS 1 (MPIRCPI(COS(PSI+PSICISMUILISSESIN(PSI+PSIC)))/DENOMY)
AR1Qe ABS((MPSRCPRISINIPSI+PSIC)I-MU13558COS(PSI+PSIC)) )~DENOML)
NA11sDONE +CONELMUI1S4-RHOPIMULZSSX(RAL+ARE)
RA1C*563RHOPIMUL XSS S (AA2+AAT)

HR]13:G72RHOPEIMIL EISSR(RAI+AAR)

AR14RHUPIMULESSE(AR4+ARS)

RALSH»RHMOPEIMUL L (AAG+AAL1O)

AALG ABS (L - (MU1854-MUISSINIPHI-ALPHR«BETA4)+ (1, +MUZMUL1XS4)2COS(PHI
1-ALPHR+BETA4) ). DENOM) .

ARLTeABS( (MUK(].-53)85[N(BETAI*THETAR3 I+ (1. +MUBMUSISIIZCOSIBETRI+THE
1TA3))/DENOM)

AR1B-ABS(M4/DENGM)

AN19eaBS MUIM4/DENOM)

AR2Q=ABS ( ( (1. +MULMULI XS4 IXSIN(PH] -ALPHR+BETA4 )+ (S43MUL -MU)IBCOS(PHI -
1ALPHR4BETA4))/DENOM)

AR2LYABS( (= (1, +MURMUESIIZSIN(BETAI4THETARI)+MUR(1.-S3)SCOS(BETAJ+TH
1ETA3) ) /DENOR)

AA2C RB4-MUX(S32(DI-A3IIRHO4LX(RAR17+RACL ))

ARSI *MUTRHO4L568(ARIB+ARLT)

AR24sMUSRHO4Z578(AAIB+AALT)

ARLS-ACNE +BONEXMU1I354+MUERHO4S (RA16+AR2O )

AALE*ABS L IMUL(]1. 451 )XSINIBETAL*THETA )~ ( 1. -AUSMULS1 )XCOS(BETAL +THE
1TAL) )/ DENOM)

AR27:ABS (M1 /DENON)

ARACB+ABS(MIZMU/DENON)
gAEQ-ABS((HllRCll(ﬂUlCOS(PN!1C0PHIT3N41)OSIN(?HIIC0N4ltPHIT)))/DEN
10M)
x8:30-9!5((mxncutcosmﬂncmnxPHxT)—nUtS!N(PHnCmutPHIT)))/DEN

)

AA31+ABS{ ((1.-MUSMUSSL )SSIN(BETAI+THETAL ) +MUR(1.+51)COS(BETAL+THE
1TA1))/DENOM)

RAJZABS( (MIZRCIR(COS(PHILCeN4IBPNIT )-MUSSIN(PHI{CeNA12PHIT)))/DEN

108)
ARIIABS((MIFRCIB(SINIPHILIC+NALSIPHIT ) +MULCOS(PHILCHNALSPHIT) ) )/ DEN
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N

“v
?_
P.I
o~
\
$740 oM L
9722 AR34~CAPRBL -MULS13A1 +MUIRHO 12 1ARB+RARD] ) <,
STeQ ¢
S$?7T9 ¢
8720 C AA3S AND aA36 REUVISED FOR PATRIOT M143 SAA
3790 ¢
WAL ¢
3810 AA3SeSHLMUIRKOI X (RAZS 7+AR2S I+MIIRCISCOS(PHII1CoNAIXPHIT)-MDRRD2COS(
$3ev +RO+PL .4 -N41IPHIT)
&S20 ARIGeSTIFULRHD IS (ARC?+RACE )-MIBRCIISIN(PHIICYN41SPHIT ) +MDIRDEISIN(
§3530 +EDSF] 3. -NI1EPHIT)
s$85e AR3Te~IIUERHOL T L ARSI PARIE)
LI ARINeABS: (], +™MUIMUSS2I12C0S(BETAS-THETAZ ) ¢MUR(S2-1. 18SIN(BETAS-THE
BTV 1TR2 ' DENOM)
SEE0 ARISeAPS (MUIMI/ DENOM)
3890 AR B2 M3 DEROM)
2500 PR ARS UL -MUIMUSS3)IRCOG(BETAISTHETAI I -MUR( Y . +53 135S IN(BETA3+ THE
%210 1TR2 1) DENOT
L0 MAdZ ABS UL +MUIMUSS2 )RS INIBETAR-THETAR ) +MUX (] . -52 1xCOS(BETR2-THE
2930 1T ' 1 DENOM)
£G4 rRASOABS LU -MUBMUBS3 RS INCBETARI+THETAI I +MUK(1.+5312COS(BETRI¢ THE
§350 1TA31) - DENOM)
895690 HA4d:CRFRETI-MUSSITA3+MUSRHOSE(AR4 L *tAR43)
£37Q uHdSs -MUIRHC3Et SRR (RAJI+AA40Q)
g9 ARder -MJIRHOJIS72(ARII+AA40)
gava AHATeRBI-MUI(S21(D2-A2I+RHOILIRA3B+AA4C))
9000 AABSAHRSLIMUE(1.-S1 )SSIN(BETAI+THETAL ) # (1. +MURNURS] IXCOS(BETAL ¢ THE
9910 1TAL ) ) - DENOM)
9e20 AR4G«ARS1M2/DENCM)
9030 AASJ pBS I MUIM2 /DENONY)
049 HASL MBS (MURL].+S52)3SIN(BETAS-THETAR)+ (1.-MULMUZS2)XCOS(BETAR2-THE
3050 1721/ DENOM) A
9060 RAS2ABS((MUX(1,-S11E7NG(BETAI+THETAL ) - (1. +MUSMUTST )XSINCBETAL+ THE el
3072 1TAY) - DENCH) RS
9e80 ARSZ-ARS (((1,.-MUIMU3S2)2SIN(BETA2-THETA2)-MUB(1.+452)XC0S(BETAR2-THE e
9099 1T&2) /D7 HOM) }-¢u'
9ied RETURN DAY
9119 END e
9120 SUBROUTINE IN3A (anS4,AASS, AASE,AAS?, CAPRB2,MU,RH02,AAS 1 ,RAS3, e
9130 021,52, A1,A2,56,57, AR49, ARSH, AR4E, ARG2, 01, RB2) 3
9149 REAL MU AP
9150 C THIS SUBROUTINE COMPUTES AARS4-RAS?
9160 ARS4:-CAPRB2+MULIRMOZ2E (AAS]1 +AAS I )-MUKS22A
93790 ARSS = -MUIRHOCEISER(AR4I+AARSA)
9189 ARGE=-MUIRHOCES 7L AR49+AARSY)
9190 AAS7«RBC-MJISIX(D1-R1)-MUIRHO2E(AR4B+ARSE)
9ced RE TURN
9c10 END
9220 SUBROLTINE ALFA(CAPRB,RB, THETA,CAPRO,RO,ALIN,ALFIN)
939 ALINe ((CAPRB4RBIEZTAN(THETA)-SART(RCIRO-RBERB))/CAPRB
9c4? ALFINeSQRT(CAPRCECAPRO-CAPRBECAPRB }/CAPKNB
9250 RETURN
9z¢@ END
105
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327 SUPROUTINE GC_RUE (T PHITIT am,AN)
T2EQ COMMOM/GCY, TIF (030,61 d0:,GLI108), 0
325 LLEL B
93 ANeO.
9319 G2 TO 5S¢
9339 S Jel-1
9230 8@ IFiT.EQ.TINnCY Je
93idQ | G S RS BT
9350 IF (T EQ.TI%e ) 30 TO Ld
Q60 (F 1,577 2ei)) (o)t
$379 IF (J.3E.N) G0 T2 Ze
9389 IF . ES. "INt i) 3C "0 42
3990 IF T .GT . %1% . ANS. T L™ . TI%(Jel)) LD T0 20
940¢ FIT LT, TIP())) GG 0 S
$414 o 12 2o
9420 19 BAG(
9430 aNeGLL
9449 GO TC 1099
9459 23 PAS(GIJI+1GI el =Gl B =TIMCJ )/ i TIM(J+1 )-TIR(J)I D)
9469 AN (GL: I3 1oL )=SL(INEIT-TIR(I)NIZ(TIALI1)-TIACII))
9479 GO TC 1000
9480 30 AACGIN
9498 ANCGLIN.
9500 GO TS 1000
951@ 42 ARG Je)
9s52@ ANCGL(Je] .
9530 Jeded
9540 190@ RA-1C.332.21AR
955@ AN«12.83¢.28RAN
9568 1. PHITOT.CT.10615.) ANe-AN
9579 QET_RN
9580 END
9599 TEOF
9600 .:.:yJ3€Q 14959 .1188 01878 45 . 000
9610 De. S0, 180. 189,
9629 9. 18E. 42 30.
9630 2.6775%€-4 1.9324€-6 1.2185£-6 1.0570€ -6 $.)5e0€ -6
§646 6.21355E-5 1.3652€-93 8.5991E-8 €.8996L-9 6.8790€-3
SES® .E6561 e.0 .9152 5. 9. 133.48
$660 11268. . 100 .100
. 9679 75.368 96.496 192.92%
, 0680 111. 30. 3¢. 10. 8. ..
' 9699 .734} . .5545 .1487% J0683S 04148 03088
. 9700 286. ce. ce.
' 9710 . 077 .919 L0154 L0154
. 9720 .7115 .148S L1340 04378 027 03
9730 .752S .1663 .1%61% .0788% . 04018 . 0468
9740 O, e. [ B
9750 160.0 2
9768 §$7.39 17349
$779 6.9973%€-§ 2.6750E-4
. s780 2
. 9799 [ B 11.9 [ B
. 3500 9. 11.9 ..
N .
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